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PQ = partial pressure of gas, atm.
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ABSTRACT
A unique film badge design in which a reagent [10,10’-dimethyl- 
9,9'-biacridylidene (DBA)] is dissolved homogeneously in a 
gas-permeable, silicone-polycarbonate copolymer film, was evaluated. 
The ambient concentration of ozone can be determined from its 
reaction with DBA. The disappearance of DBA upon ozonolysis can be 
monitored at 4300 $ without extraction or desorption from the polymer 
membrane. Unlike other reagents for ozone determination, DBA is 
specific for ozone. Interferences from nitrogen dioxide and sulfur 
dioxide are less than 1%.
Prior to this experimental work, a mathematical diffusion model 
was developed to predict the response of such a device to a given 
pollutant dose. This model predicted a response which varies as the 
square root of pollutant dose. The experimental work confirms the 
mathematical model.
In the framework of the diffusion model, it is possible to 
calculate the intrinsic permeability of ozone in a polymer. A plot 
of the square root of twice the permeability against membrane 
thickness, extrapolated to zero thickness, is taken to be the 
intrinsic permeability of ozone.
xvii
INTRODUCTION
1.1 TOXIC EFFECTS OF OZONE AND PERMISSIBLE EXPOSURE LEVELS
1
Ozone, one of the strongest oxidants in the atmosphere, is the
2
principal oxidant formed in photochemical smog and is the most
important pollutant on a worldwide basis according to the World
Health Organization. Ozone has been linked to pulmonary damage at
the level of the terminal and respiratory bronchioles and alveolar 
■3 11
ducts. As ozone penetrates the gas-blood epithelial barrier, its 
high reactivity implies that a variety of types of biological
molecules are at a risk. Among them are polyunsaturated fatty acids
5 6 7(PUFA), amino acids and olefins. As a consequence of this
reactivity, parts per million levels of ozone have been found to
g
produce harmful effects in human and animal exposure studies. 
Subsequently, the Environmental Protection Agency in June, 1978^ and
O
NIOSH in January, 1981 have established permissible exposure levels 
(Table I) for the ambient atmospheres and the workplace, 
respectively.
There were four criteria applied in the selection of these 
standards:
(a) range of demonstrated health effects
(b) response of persons more sensitive than 99% of the general
population
1
2Table I. Permissible Exposure. Leyelsof Ozone* * *
Agency
1 1 
i Ozone j 
j Concentration j 
1 1 
1 1
Remarks j Reference
NIOSH/OSHA
1 i
| 0.10 ppm | 
I I
threshold limit value I 8
NIOSH/OSHA
I i 
I 0.09 ppm I 
I I 
I I 
I I
maximum permissible 
exposure (total weighted 
average)
i 8
EPA
I I
I 0.10 ppm |
I I 
I I 
I I
primary standard for 
maximum permissible 
exposure
i 9
EPA
I i
I 0.08 ppm |
I I 
I I 
I ....!
secondary standard for 
maximum permissible 
exposure
I 9
11
1 .....
3(c) seriousness of health effects and the level at which these health
effects have been demonstrated to occur
(d) levels of constituting an adequate margin of safety to protect
the public health.
Selection of primary and secondary standards was based on judgement
with respect to prudent health practice and does not imply some
discrete or fixed margin. Table II contains a summary of some health 
9-12effects of ozone.
The Environmental Protection Agency (E.P.A.) primary standard of
0.10 ppm ozone, enacted to protect persons more sensitive than 99% of
the population, is not to be exceeded on the average of once per hour
per year over an average of a three year period. The E.P.A.
secondary standard of 0.08 ppm ozone, to be exceeded only once per
hour per year, (0.08 ppm x 60 min = 5 ppm x min), was enacted to
protect vegetation from adverse growth and yield effects. It has
been estimated that 5.6% of the gross value of farm commodities would
be lost if the country experienced a seasonal 7 hour per day mean
82ozone concentration of 0.06 ppm.
Since E.P.A. regulations stipulate the permissible exposure
levels in terms of concentration and time, personal dosimetry is the
13-15best method for monitoring pollutant exposure. Further,
personal dosimetry would remove statistical biases encountered in 
estimating personal exposures from air concentration data obtained at 
fixed-site air monitoring stations.
Table II. Health Effects of Ozone
Hourly 
Average (ppm) 
(exceeded once 
per year)
Percent of healthy j 
subjects experiencing I 
aggravation of asthma, j 
emphysema and chronic | 
bronchitis j
Percent of animals 
experiencing reduced 
resistance to 
bacterial infection 
(animal studies)
Percent of j 
healthy subjects! 
experiencing j 
reduction in I 
pulmonaryp j 
function |
Percent of healthy 
subjects experiencing 
chest discomfort 
and irritation of
11 12respiratory tract ’
0.06 2 I 8 11 i 3
0.08 6 I 15 19 I 6
0.10 10 | 21 27 I 15
0.12 28 i 26 35 I 27
0.14 40 | 29 44 ! 39
51.2 A REVIEW OF PERSONAL MONITORS
For more than ten years the World Health Organization has been 
involved in the monitoring of ambient air quality as part of the 
United Nations Environment Programme (UNEP) Global Environmental
14Monitoring Systems (GEMS) which is now active in fifty countries.
A number of personal monitors are available (Table III), and 
studies are being conducted that use such monitors to correlate 
indoor air pollution with outdoor ambient air pollution. However, 
general predictions of human exposure cannot be made from 
measurements at ambient air stations, nor can they be made with an 
indoor sampler, even for heroes free of major sources of 
pollution.^' ^
The use of personal monitors to measure human exposure has been
reviewed a number of times in recent years. Brookhaven National
Laboratory held a workshop in 1975 to assess national research needs 
20 21in this area. * The National Academy of Sciences reviewed the 
22field in 1977 and recommended a national program of research and 
23development. A symposium held in 1979 by the E.P.A. included more
than thirty-five presentations covering the development and use of
24many different personal monitors. In 1981, interagency groups on
exposure and indoor air quality published further recommendations for
25research on personal monitors, and an environmental journal devoted
26 27 28a special issue to the subject. Other reviews ’ have appeared
6in recent years. Most recently, a dozen presentations were made at a
session devoted to personal monitors as a part of an E.P.A.-sponsored
29symposium in May, 1984.
Considering the numerous reviews above, only the basic concepts 
of personal monitors will be mentioned here. A distinction should be 
made between truly personal monitors (those that can be carried by a 
person throughout the day) and portable monitors (instruments 
weighing more than two or three kilograms that can be carried from 
roan to room but must be placed on a surface for extended monitoring 
periods).
Personal monitors can be classified according to two general 
categories: analytical (or continuous) devices measure a pollutant
on the spot and collection (or integration) devices collect the 
pollutant for later analysis in the laboratory. These two catagories 
can be further subdivided into active devices (which employ a power 
source with a pump to pull the air across a sensor or collector) and 
passive devices (which rely on diffusion to bring the pollutant into 
contact with sensor or collector). Within this framework, the device 
designed and evaluated in this work is a passive, integrating device.
Table III provides a summary of devices for quantitative 
monitoring of personal exposures at ambient concentrations. The last 
entry in this table is the device for ambient ozone concentrations 
designed and evaluated in this work.
Table III. Instruments for Quantitative Monitoring of Personal Exposures at Ambient Concentrations
Pollutant
Group
j Number of j 
i Pollutants | 
j in Group j 
1 1 
1 !
Collection
Method
I
Analytical I Commercial 
Method I Availability
I
I
I
I I 
( Remarks I 
I I 
I I 
I I 
I I
References
Carbon
Monoxide
I 1 
1 1 I 
I I 
I I 
I I 
I I
Pisnp
a ■
Electrochemical; I Energetics 
Sulfuric acid ISclence (ESI 
electrolyte (9000 Dosimeter) 
I 
I
I I 
(operates on batteries; slightly! 
Ilarger than lunch box; humidity I 
(dependent; active collection j
I I
I I
30
I I 
I 1 I 
I 1 
1 1 
1 1
Pimp
a *
Electrochemical; IEcolyzer 
Sulfuric acid I 
electrolyte I
I ...
I I 
(operates on batteries; size of I 
(lunch box; active collection I
I i 
I I
31
1 1 
I 1 | 
I I 
I I 
I I 
i I 
1 !
Pump
a *
Electrochemical; IGeneral Electric 
Solid polymer ((Aerospace 
electrolyte in (Technology 
contact with (Division 
electrodes I 
I
i I
(operates on batteries; contains) 
(microprocessor for sophisticated 
(data handling; active collection 
I I 
I I 
I I
32
I 1 
I 1 | 
I I 
I I 
I I 
I ...  I
Diffusion
a *
Electrochemical IInterScan 5000 
I 
I 
I 
I
I I 
Ioperates on batteries; micro- ( 
I processor controlled; passive I 
(collection I 
I I 
1 I
33
(Table III continued)
Pollutant
Group
Number of 
Pollutants 
in Group
1
I Collection 
I Method 
I 
1
Analytical
Method
1
I Commercial 
I Availability 
1 
1
Remarks j References
1
1
I Diffusion 
1 
1 
1 
1
Colorimetric^
1
INone (Louisiana 
jState University) 
1 
1 
1
80 ram x 41 mm diameter; sensi- I 
tivity: 2 ppm x 24 hrs; major I 
interference: Cl_, 10$; I 
passive collection I
34
Nitrogen
Dioxide
1
1
I Diffusion 
I tube con- 
I taining tri- 
I ethanolamine 
I (TEA) adsor- 
I bent0 
I
Colorimetric^
1
|MDA Scientific, 
jlnc. (Palmes 
ITube)
1
1
1
1
pen size device; linear over | 
10 fold range; limit of | 
detection is 20 ppb x 24 hrs; j 
no interference from NO; | 
passive collection I
35
1
1
I Diffusion 
j badge con- 
I taining TEA 
I adsorbent 
I
Colorimetric^
1
IToyo Roshi Co., LTD 
1 
1 
1 
1
not evaluated by National I 
Bureau of Standards; I 
passive collection I
36
1
1
I Diffusion 
i through 
I dimethyl- 
j silicone to 
1 adsorbent 
I TEA0 
1
Colorimetricd
1
INone (West Method) 
1 
1 
1 
1 
1 
1
6 cm diameter x 2 cm thick; 10 | 
times more sensitive than I 
Palmes tube; passive collection!
37
00
(Table III continued)
Pollutant
Group
1
I Number of 
j Pollutants 
I in Group 
1
j Collection 
I Method
j Analytical 
j Method
1
I Commercial 
I Availability 
1 
1
Remarks j References
1
I 1
I
I
I
I
i
1
I Diffusion 
I through 
! a TEA 
I impregnated 
I filter0
I Colorimetric*1
1
(None
I(National Bureau 
jof Standards)
1
1
1
1
sampling rate is order of | 
magnitude greater than Palmes 1 
tube; measures short term ex- 1 
posures (1-8 hrs.); humidity | 
dependent; passive collection I
38
Nonpolar
volatile
organics
1
I 40 
1 
1 
1 
I 
1 
1 
I 
1
j Pimp;
I Tenax 
j cartridge 
I trap
I Thermal
jdesorption from 
jTenax trap onto 
IGCMS
1
INone (Research 
ITriangle Institute) 
1 
1 
1 
1 
1 
1 
1
pen size device; easy thermal I 
desorption; samples at 4 1/min;| 
sensitivity: 0.5 ppb (decane); 1 
ozone, NOp and benzene contam- 1 
inate Tenax; reproducibility: 1 
± 30$; can be used in active I 
or passive mode I
28
Vinyl
chloride
1
I 1
I
I
I
I
I
I
i
I Diffusion; 
j permeable 
I membrane 
j coating on 
j activated 
I charcoal 
I adsorbent
ISolvent or 
I thermal 
Idesorption 
(onto GC
1
I Real, Inc.
1
1
1
1
1
1
1 ...... .
41 mm x 48 mm x 7mm badge; 100$j 
positive interference from j 
dichloroethane by thermal de- I 
sorption, but eliminated by | 
solvent (CSp) desorption; j 
passive collection |
39
(Table III continued)
1
Pollutant | 
Group I 
i 
1
Number of 
Pollutants 
in Group
I
I Collection 
I Method 
I 
I
Analytical
Method
1
Organo- I 
chlorine I 
pesticides;| 
PCB's | 
1 
1
10
I
I Pimp;
I adsorption 
I onto
j polyurethane 
I foam 
I
Thermal 
desorption 
onto GC
1
Radon 1 
1 
i 
1 
1 
1
1
I
I Plastic 
j records 
j (radiation 
j damage)
I
I
Etching;
microscopic
examination
1
Polynuclear1
aromatics j
(PNA) |
1
1
1
tI
I
Many
I
I Diffusion 
I badge irnpreg- 
I nated with 
j heavy metals 
I such as 
I Pb(0Ac)2
| or T1(0Ac )2
Room temperature 
phosphorescence
j Conmercial 
I Availability
I
Remarks References
(None (Environmental 
IMonitoring Systems 
ILaboratory, EPA)
size of portable transistor 
radio; sample rate of 2-4 1/min 
sensitivity is that of GC-ECD; 
active collection
40
ITerrodex Corp plastic material could be of 
varying size; not yet adapted 
for use as personal monitor
41
INone
j(Oak Ridge National 
ILaboratory)
5 mm diameter filter paper; 
cost: $20/badge; accuracy:
15S; relative deviation (15 
replicate samples): 10-301; no 
chemical or thermal extraction; 
used in active or passive mode
42
(Table III continued)
1
Pollutant | 
Group j 
1 
1
Number of 
Pollutants 
in Group
1
I Collection 
I Method
j Analytical 
j Method
1
Respirable | 
particulates 
(sulfates, | 
nitrates, j 
metals) | 
1 
1 
1
20 I Pump/filter j Microbalance;
Isolvent; photon 
I induced x-ray
emissione
1
1
1
1
1
1
1
1
1
1
I
I
3 j Pump/stack 
j filter
IMicrobalance;
Ichemical analy- 
jsis; photon 
jinduced x-ray
emissione
Commercial
Availability
1
I Remarks 
1 
1 
1
References
None (Harvard 
School of Public 
Health)
1
Isize of lunch box; small 
I enough for office use; collects 
|at 0.5-3.0 1/min; 
jseparation by nylon cyclone and 
jis based on particle size;
Iactive collection 
1 
1
U3
None
(National Bureau 
Standards)
1
I smaller than lunch box; 
(extremely quiet; collects at 
|6 1/min; can collect two 
(distinct size fractions; 
(greater or less than 2.5 
jmicrons; separation is based on 
I particle size and accomplished 
(by changing sampling heads; 
jactive collection 
1 
1
28
(Table III continued)
1
Pollutant | 
Group | 
1 
1
Nisnber of 
Pollutants 
in Group
j Collection 
I Method
Analytical
Method
I
I Commercial 
I Availability
I
I
I Remarks I References
1
Respirable | 
particulates 
(mass only)1 
1 
1 
1 
1 
1 
1 
1 
1
1 I Pump- 
j impactor/
I precipitator
Piezoelectric
I
IThermosystems, Inc.
ITSI Model 3500
I
I
I
I
I
I
I
I
I
j40 x 20 x 10 cm size device; ! 
I variety of inlets which can | 
jbe selected to exclude I 
I particles larger than inlet I 
I size; "sticky" particles give I 
Ihigh results; linear over 1000 | 
I fold range particle size; temp-1 
lerature and hunidity dependent;! 
Iactive collection I
44
1
S02, N02 |
Respirable ! 
particulates 
i 
1
3 I Pump 
I impingers 
I filter
Color imetric*"’® 
gravimetrice
I
INone (Gage 
!Research 
IInstitute) 
I 
I 
I
Ismail size; high sampling rate | 
j(9 1/min); sensitivity: j 
jo.025 ppm S02 and 0.012 ppm I 
IN02; active collection j
45
1
so2 I
1
1
1
1
1
1
1 I Diffusion;
I permeable 
j polymer mem- 
j brane badge 
I coating a 
j reactive 
I substrate
West-Gaeke 
Method f 
p-rosaniline
I
I None
I
I
I
I
I
I
I
j80 m x 91 ram diameter; use of j 
Ipermeation tube of S02 I 
I requires varying flow rate; j 
Isensitivity: 0.01 ppm x 8 hr.; j 
Ichlorine interferes; badge I 
jcost: $58; passive collection j
46
(Table III continued)
1
Pollutant I Nimber of 
Group I Pollutants 
j in Group 
1
j Collection 
j Method
I
I Analytical 
I Method
I
I
I
I Commercial 
I Availability
I
I ....
Remarks References
1
Formaldehyde 1
I
I
I
I
I
I
j Diffusion; 
j permeable 
j membrane 
j coating a 
I reactive 
I substrate
I
I3-methyl-2- 
Ibenzo- . 
jthiozlinone 
lor f 
Ip-rosaniline
I
I
I
INone
I(Oak Ridge National 
jLaboratory)
I
I
I
I
2
permeable membrane: 15.2 cm 
area; water collection medium; 
sensitivity: 0.5 ppm x hr.; 
stable during long collection 
times; passive collection
47
i
I 1
I
I
I
I
I
I Diffusion 
I badge
• 4
IChronotropic 
I acid
I
I
I
I
I
INone (Lawrence 
IBerkeley National 
jLaboratory)
I
I
1
glass vial sampler: 2.5 cm 
diameter, 9.5 cm length; 
sampling rate: 3.84 1/min; 
sensitivity: 10-20 ppm x hr.; 
passive collection
48
I
I 1
i
i
I
I
I
I
I
I
j Diffusion 
I badge
■ 4
I Chronotropic 
jacid
I
I
I
I
I
I
I
1
I3M Model 3750 
1 
1 
1 
1 
1 
1 
1 
1
credit card size; sensitivity: 
0.77 ppm x hr.; badge cost and 
analysis: $35; interferences 
include phenol and ethanol; 
precision of badge: 15%; accur­
acy is within 25% of impinger 
data; passive collection
49
Uafrle-JU- continued).
Pollutant
Group
Nisnber of 
Pollutants 
in Group
j Collection 
I Method
Analytical
Method
1
I Commercial 
I Availability 
1 
1
1 1 
I Remarks 1 
1 1 
1 1 
I 1
References
Ozone 1 I Diffusion; 
j permeable 
I membrane 
I containing 
I homogeneous 
j distribution 
j of reactive 
I substrate
Ozonolysis of 
10,10*-
dimethyl-9,9'-
biacridylidene
1
INone (Louisiana 
1State University) 
1 
1 
1 
1 
1 
1 
1
1 1 
|1 x 0.5 x 0.2 cm device; cost I 
jper badge to produce: $.50; j 
jlinear over 70 fold range; no I 
jknown interferences; sensi- I 
jtivity: 0.036 ppm x 15 min; I 
Iozone dose determined by direct) 
jreading of film; | 
I passive collection | 
I I
This
work
a) At a cell bias of 1.00 volt, H_0 + CO ----- > CO- + 2H+ + 2e“ occurs. The electrons generate a small current that can be
amplified.
b) Carbon monoxide is bubbled through a solution of silver p-sulfamoylbenzoic acid reagent and the adduct can be monitored at 
380 ran.
c) TEA is used as a coupling reagent for N02.
d) The Saltzman reagent, sulfanilic acid, is a diazotizing reagent in the presence of glacial acetic acid. The product, 
diazosulfanilic acid, is monitored at 550 ran without interferences. The reported sensitivity of this method is
3 to 4 ppb x 10 minutes.
e) The filter can be weighed on a microbalance, solvent extracted or analyzed by photon induced x-ray emission after collection.
(Table III continued)
f) S0? is trapped as a disulfitoroercurate (II) complex. A red-violet color is produced when a p-rosaniline-hydrochloric acid- 
formaldehyde solution is added to the disulfitomercurate (II) complex. The red-violet color can be monitored at 560 rm 
with less the 1S interference from NOp.
g) NOp is analyzed by the Saltzman method. See footnotes c and d.
h) 3-«nethyl-2-benzothiozlinone forms a hydrazone with formaldehyde.
i) Chromatropic acid (4,5-dihydroxy-2,7-naphthalenedisulfonic acid) condenses with formaldehyde in the presence of sulfuric 
acid to give an adduct which absorbs at 570 nm.
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1.3 CALIBRATION AND MONITORING TECHNIQUES FOR AMBIENT LEVELS OF 
OZONE
There is abundant literature describing the design and
50evaluation of ozone monitoring methods. Hodgeson and Surgi have
recently reviewed this data base as part of the "Air Quality Criteria
51Document for Ozone and Other Photochemical Oxidants". This review
is summarized in Tables IV and V. Therefore, only currently applied
methods of ozone generation, calibration and measurement will be
presented in this discussion.
One of the most common methods of generating ambient ozone
concentrations is by photolysis of air or oxygen using a mercury
vapor photolysis lamp positioned parallel to a quartz tube through
which a controlled rate of air (or oxygen) flows. The ozone
concentration can be varied by retracting an adjustable and
52calibrated mechanical sleeve placed over the lamp envelope or by
varying lamp voltage or current.
The E.P.A. has established ultraviolet (UV) photometry as the
current primary reference procedure to monitor ambient levels of 
q
ozone. Ozone has a moderately strong absorption band in the UV with
a maximum very near the mercury 254-nm emission line. The molar
absorption coefficient at the mercury line has been measured by
1 1
several investigators to be 134 M” cm” (base 10) at 0 C and 1 
53atmosphere. Therefore, any method anticipated as an equivalent 
method of ozone determination should be tested, and the results show
51a consistent relationship with the UV photometric method. No 
significant interferences have been reported in the determination of 
ozone by UV photometry. If, however, any species which absorbs at 
254 nm is present, such as mercury vapor or aromatic hydrocarbons, 
seme positive interferences would be expected.
A review of ozone monitoring techniques is summarized in Table 
IV. A review of ozone calibration techniques and their biases, 
compared to UV photometry, is given in Table V. The last entry in 
each of these tables is taken from this work and is for the purpose 
of comparing the results of this work to the results of other 
methods.
Table IV. Ozone Monitoring.Techniques
Principle j Reagent i Response Minimum
Detection
Limit
Continuous | 
Colorimetric j
10(20)% KI! 
buffered j 
at pH=6.8 i
Total
Oxidants
0.010 ppm
Continuous I 
Electro- i 
chemical j 
(galvanic or I 
electrolytic)
2% KI i 
buffered j 
at pH=6.8 I
Total
Oxidants
0.010 ppm
Chemilumin- j 
escence |
Ethylene, j 
gas-phase I
Ozone
Specific
0.005 ppm
Chemilumin- I 
escence |
Rhodamine-Bi Ozone
Specific
0.001 ppm
Ultraviolet 
Photometry 1
None j Ozone
Specific
0.005 ppm
jResponse Time 
I 90% Full 
I Response
Major
Interferences
References
I 3-5 minutes N0„ (+20%) 
SO^ (-100%)
54,55
i 1 minute NOo (+6%)
SO^ (-100%)
55,56,57
I > 30 seconds None3 58,59
i < 1 minute None 60,61,62
I 30 seconds 
I
I ...
See below*5 63
Q ’gbig_iy_gontjnugd)
Principle
1
Reagent I 
1 
I
____  1
Response Minimum
Detection
Limit
Reactions
1
1,1- I 
Diphenyl- I 
ethylene I
i
i
i
i
i
i
____ i
Ozone 0.030 ppm
with olefins Specific
Reactions 
with olefins
i
Eugenol I 
I 
I 
i 
I 
I
Ozone
Specific
0.020 ppm
Reactions
I
10,10*- ! Ozone 0.035 ppm
with olefins Dimethyl- I 
9,9* —bi— | 
acridylidene 
(DBA) | 
i 
I
Specific
jResponse Time 
I 90? Full 
I Response
Major
Interferences
References
j 25 minutes N02 (+20?) 
without 
addition of 
2,4.6-tri- 
methylphenol; 
no interfer­
ences when 
using 2,4,6-
64
trimethylphenol
I
I
i 40 minutes None; trace 
formaldehyde 
should be 
removed
66
I 12 minutes None This
work
(Table IV continued)
a. A signal enhancement of 3 to 12% has been reported for the measurement of ozone 
in humid versus dry air.
b. No significant interferences have been reported in routine ambient air 
monitoring. If abnormally high concentrations of species which absorb at 254 nm 
(e.g. aromatic hydrocarbons and mercury vapor) are present, some positive response 
may be expected. If high aerosol concentrations are sampled, inlet filters must be 
used to avoid a positive response.
51Table. V. Ozone Calibration Techniques^
I
Methcxl | 
I 
I 
I
!
Reagent I 
I 
I 
I
Primary Standard3 j Methods Used By 
! (dates)
Purpose Bias
[o3l/[o3]uv
I
1% Neutral i 
buffered KI| 
! 
I 
!
I
n  KI, Phos-| 
phate buffer! 
pH = 6.8 I 
I 
!
Reagent grade 
arsenious oxide
j epa
! 1971-1976
Primary
reference
procedure
1.12 ± .05d
2% Neutral | 
buffered KI| 
I 
I 
! 
I
I
2% KI, Phos-I 
phate buffer! 
pH = 6.8 I 
! 
I 
I
Reagent grade 
arsenious oxide
j California Air 
j Resources Board 
! (CARB)
! -1975
Primary
reference
procedure
1.20 ± .05d
I
1% Unbuffered 
KI I
i
I
I
I
n  ki i
pH = 7 !
I
I
!
!
Reagent grade 
arsenious oxide
[Los Angeles Air 
I Pollution Control 
[Districts 
1-1975
Primary
reference
procedure
G.96e
I
UV i 
Photometry I 
I 
I 
I
I
None !
!
i
I
_____ _____I
Ozone absorptivity at 
Hg 254-nm emission 
line
! All parties 
I 1979 - present
Primary
reference
procedure
1.00
(Table V continued)
Method Reagent Primary Standard3 Methods Used By 
(dates)
I
i Purpose 
I 
I 
I
Bias
[03]/[033uv
Gas-phase
titration
Nitric oxide 
standard 
reference 
gas
Nitric oxide standard 
reference material 
from NBS (50 ppm in Ng)
EPA, States 
1973 - present
I
I Alternative 
I reference 
j procedure 
1(1973-1979) 
I Transfer 
I standard 
1(1979 - 
I present)
I
1 .030 ± .015f
1% Boric 
acid KI
U  KI
boric acid 
buffer pH=5
Standard KKL*3 
solutions
EPA
1975 - 1979
I
(Alternative 
I reference 
i procedure 
i
I.........
1.00 ± .05
Dosimetry: 
reaction 
with olefin 
DBA
I
10,10'- | UV Photometry 
Dimethyl- j
9,9'- I
biacridylidene 
(DBA) j 
I
...  I .. ...........
This work
I
I Possible 
j equivalent 
j method 
I 
I 
I
I . ...... .
1.01 ± .02
ro
rv>
(Table V continued)
a. In the case of the iodometric methods, the primary standard is the reagent used to prepare or 
standardize iodine solutions.
b. This procedure also recommends a standard lJ~ solution absorptivity to be used instead of the
preparation of standard iodine solutions.
c. UV photometry has been used as reference method by CARB since 1975. This technique was used as
an interum, alternative reference procedure by the EPA from 1974-1979.
d. The uncertainty limits represent the range of values obtained in several independent studies.
64e. Only one study is available.
6r
f. This is the value reported in the latest definitive study. Previous studies reported biases 
ranging from 0 to 10%.^’^
ro<jO
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1.4 OCCURRENCE OF OZONE
Atmospheric ozone occurs by the following major reaction 
?
mechanisms:
N02 + h v ----- > NO + 0
0 + o2  — -> o3
r* + o2  —  > R00*
ROO* + NO ----- > RO* + N02
N02 + h v ---- -> NO + 0
etc.
Ozone can be depleted from the atmosphere by the following 
2
reactions:
03 + N O  — > 02 + N02
0^ + 2N02  > 02 + N20^
0^ + olefins----- > products
In addition, ozone is depleted by reaction at the surface, i.e. 
building materials and surfaces of vegetation.
Ozone is present in the ambient atmosphere at levels between
Cry /Tq
0.01 ppm and 0.05 ppm. In cities such as Los Angeles, ozone
70concentrations regularly reach levels of 0.20 ppm. Under 
conditions such as heavy automobile traffic, high concentrations of 
nitrogen oxides or hydrocarbons and/or intense sunlight or weather 
stagnation, ozone levels can be enhanced. Persons who work outdoors 
are exposed constantly to low levels of ozone, and an inexpensive,
25
reliable and simple method to monitor continuous exposure may be
desirable. In these cases, portable monitors may be positioned long
distances from workers. In an outdoor environment, wind, sunlight,
humidity variations and continuous movement of persons about the work
area make continuous monitoring at a central station a poor model of
personal exposure.
There are conflicting reports in the literature which correlate
71outdoor levels of pollutants with indoor levels. In one study of 
carbon monoxide exposure, no correlation existed between the data 
obtained from personal monitors of indoor pollutants and the data 
obtained from a central monitoring location measuring outdoor
«a Q  ry 1 Q
pollutants. 1 9 In a separate study involving indoor-outdoor
ozone monitoring at a California art gallery, indoor ozone
concentrations were half as high as outdoor concentrations when a
72chemically-protected air conditioning system was lacking. This
seems to imply that a high level of ozone outdoors may be correlated
with personal exposure to ozone indoors. In two studies of ozone
levels in jet cabins, there was a direct correlation between the
levels of ozone inside the cabin and outside the aircraft during high
altitude f l i g h t . i n  the first study, 60? to 70? of the ozone in
73the atmosphere was admitted into the cabin. The threshold limit 
value of 0.090 ppm was exceeded during most of the flight. In the 
second study, air filtering systems reduced the ozone concentration 
to 0.040-0.090 ppm for the most of the flight. This is a 
considerably lower concentration but exceeds the permissible exposure
26
limits in most countries.
Clearly, it is the level of ozone present in the breathing zone 
that represents an accurate model of what we breathe. Certain jobs 
risk high occupational exposure to ozone. Such occupations include:
(1) occupations in which ozone is generated in large quantities
75directly, such as ozonation of municipal wastewater, ozonation
of organic molecules in the industrial synthesis of a reagent,^
77or ozonolysis of garbage in commercial dumpster units;
(2) high altitude flight,
T8
(3) welding and plasma arc cutting,
79(4) occupations connected with electrical discharge plants,
(5) exposure to high intensity UV radiation such as those used in 
photocopiers,^
(6) places where ozone is used to disinfect or sterilize various
81
materials, and
(7) occupations in some ccranercial and residential buildings located
72in areas of high pollutant concentrations.
Ozone is the smell associated with the "freshness” after a 
rainstorm. Although ozone can be detected by the olfactory system at 
levels of 0.02 ppm, the olfactory system is rapidly desensitized. An 
unwary person may breathe toxic levels of ozone for extended periods 
of time with no immediately apparent effects. In many instances, a
oo
person will develop an apparent immunity to ozone. This phenomenon 
is not well understood. It may be that this is merely compensatory 
followed by a rebound effect and does not decrease the toxic effects
27
of ozone.
Since ozone is a ubiquitous constituent of the ambient 
atmosphere, and since certain workers risk additional high ozone 
exposure, there is a need for personal monitoring of this pollutant. 
Table VI shows various occupational environments where ozone exposure 
may be expected.
Table VI. _Ozone Occurrence in_Various Occupational Environments
Occupational
Environments
1 1
| Ozone Levels | 
1 (ppm) 1 
1 1
1 _. ..........  1
References
Ambient air 
(outdoor workers)
1 1 
I 0.01 - 0.05 I 
j(unpolluted atmospheres)!
! 0.05 - 0.20 |
!(midday urban exposure) I 
I ..... . I _
68,69
Industrial use of 
ozone in organic 
synthesis
I I 
I 10,000 - 30,000 | 
I I 
I I 
I i 
I I
76
Sterilization 
facilities (e.g. soft 
drink plant)
I I 
I 15,000 | 
I 1 
1 1 
1 1 
1 . ............ . 1
81
Welding and plasma 
arc cutting
1 1 
1 > 0.11 j 
j reduced by adequate j 
I ventilation i 
I I 
I _____  I .
78
Jet cabins
I ! 
I 0.040 - 0.090 | 
j (with air filtering) ! 
I I
73
I I 
! 0.090 - 0.400 ! 
I (without air filtering)j 
!(cabin ozone levels were! 
|consistently 42% of j 
|atmospheric ozone levels)
I I 
I _ I
74
Copy machines
I I 
I > 0.080 I 
j(lower if non-continuous| 
joperation) I
I I
I . ................. -I.. -
80
(Table VI continued)
!
Occupational I 
Environments i 
I
............  1
1
Ozone Levels | 
(ppm) i 
1 
1
References
1
Municipal wastewater I 
treatment plants j
I
1
11
1
15 I 
(measured in water) | 
10 moles ozone/hr j 
max output of ozonizersj
I
I
75
1
Art galleries, I 
commercial and j 
residential buildings j 
(unprotected air I 
systems) j
1
...................I
I
50% of that outdoors |
I
I
I
I
I
. ____ _______  . I.
72
1
Commercial and I 
residential buildings j 
(protected air systems)
11
I
Below 0.01 ppm indoors I
i
I
I
____ __________ I
72
1
Electrical power I 
plants j
1
i1
I
0.05 to 1.5 (workplace)| 
•i .2 moles ozone per j 
kilowatt-hr j 
(uninsulated column j 
discharge) j
... I
79
1
Sonozaire ozonizer fori 
commercial garbage j 
dumpsters i
i
__  _____  _ ___ ...i
i
0.60 - 1.00 i 
closed containers and j 
can only be opened by j 
service personnel j
I
.... I
77
i
Fermilab National I 
Accelerator Laboratory|
111
0.080 | 
observed during daily | 
welding operations j
T
84
1
Sewage Disinfection |
1
.......... . 1
I
100 -200 I 
(for 30 minutes) I
_____________ ___ I..
110
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1.5 PURPOSE OF THIS RESEARCH
From a thorough review of the literature, it is evident that
continuous monitors are available, based on chemiluminescence or
ultraviolet photometry, which give adequate ozone measurements
13-15 65characteristic of an area. ’ Such measurements are, however,
not indicative of personal exposure and there is a real need for
small, inexpensive personal monitoring devices which can be worn by 
27individuals.
Many of the current methods of ozone detection involve
ozone-induced chemiluminescence from a variety of compounds. Other
chemical methods involve the ozonolysis of an olefin and analysis of
products. The major pollutants that may interfere in the chemical
51determination of ozone are nitrogen dioxide and sulfur dioxide. In
£LfL i *7
the method of West, et al. and Pryor, et a l., sulfur dioxide was 
not an interference in the ozonolysis of olefins. In the study by 
Pryor, et al., nitrogen dioxide was found to interfere directly with 
the ozonolysis of 1,1-diphenylethylene by chain reaction initiation.
Chemiluminescence is impractical as a method of monitoring ozone 
by dosimetry because it would be quite awkward to wear a device that 
would quantitatively integrate light emission intensity. However, 
ozonolysis of an olefin is specific to ozone and can lead to a 
product which can later be quantitatively analyzed in the laboratory. 
This has excellent potential for use in a personal monitor if an
31
olefin can be found that reacts quantitatively and is free from 
interference from nitrogen dioxide and sulfur dioxide.
The reagent, 10,10*-dimethyl-9,9’-biacridylidene (DBA), reacts 
readily with ozone, is free from interference due to nitrogen dioxide 
and sulfur dioxide, and has numerous other desirable properties.
This reagent acts as a trapping center for ozone and can be 
impregnated in a highly permeable silicone polycarbonate copolymer to 
produce a passive dosimeter for ozone. The purpose of this research 
encompassed the following:
(1) Design and evaluation of a passive dosimeter for ozone that would 
be the size of a radiation badge and that could be worn on a 
jacket lapel.
(2) Minimization of the time and error in the analysis of this 
dosimeter for ozone exposure.
(3) Testing of a complex mathematical model of diffusion which 
provides directly a most powerful result - the integrated dose.
(4) Within the scope of this mathematical model, determination of the 
permeability of ozone in siloxane. To date this value has not 
been measured. Comparison of this quantity to modeled 
permeabilities can be used to assess the results of this 
permeation experiment.
MATHEMATICAL MODELS OF INTEGRATING MONITORING DEVICES
2.1 CONCEPTS OF INTEGRATING DOSIMETRY
The concept of dosimetry is based upon a quantity called a dose. 
A dose of a pollutant can be expressed as the product of the 
concentration of pollutant (atm or ppm) and the time of exposure 
(min, hr, sec). This product may best be expressed as the area under 
a graph of concentration (atm) versus time (min). Figure 1 
illustrates this concept with ten hypothetical concentration readings 
taken at one-minute intervals. The area under this graph (dose) is 
calculated by multiplying the average concentration of pollutant by 
the time of exposure. Hence, it is the area under the graph in 
Figure 1 that is of interest. However, it is evident that 
multiplying the average concentration (dotted line in Figure 1) times 
the time of exposure results in an error in computing the exact dose 
of pollutant (solid line connecting data points). Sunming 
successively smaller segments would result in a better approximation 
of dose. That is,
is a better approximation of the area under this curve than
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However, a value of integration, f P(t)dt, would yield an exact
0-J
solution of the area under the solid line and an exact value for the 
dose.
FIGURE 1
C O N C E P T S  OF I N T E G R A T I N G  D O S I M E T R Y
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Dose = Area under graph = PT
P = partia l pressure of pollutant, atm
T = time, minutes 
10
Dose Pi Ti
i = l
Taking smaller segments:
100
Dose » I  pi Ti represents a better approximation of the dose. 
i= l
Integration yields an exact solution:
Dose = I P (t)d t  
0
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2.2 PREVIOUS MATHEMATICAL MODELS OF PERMEATION DEVICES
37 39 46In previous work by West, et al., * ’ dimethylsilicone
polycarbonate copolymers have been used as permeable membrane 
laminates to coat a reactive substrate. In these devices, the 
response is linear with the dose (CT):
* = £  CD
w
rearranging yields,
w = 1 (cT) (2 )
where w = response of the device or amount of pollutant adsorbed ( g)
_ o
c = concentration of pollutant ( g m )
T = time of exposure (hr)
k = an experimental constant, usually on the order of 
1 0 3 hr nf3
Hence, a plot of w versus cT is linear with a slope of 1/k.
This design parallels one of the models proposed by Rubin. In 
Rubin's model, a permeable membrane, through which a pollutant must 
diffuse, is used to coat a reactive substrate. The mathematical 
model for this type of device predicts that the response of the 
device is linear with dose. That is,
35
0  = J2  (cT) (3)
where <T) = flux of pollutant or amount of pollutant adsorbed in the
-2 -2reactive substrate (moles cm or g cm )
D = diffusion coefficient of the pollutant through the
2 -1 membrane (cm sec )
S = solubility coefficient of the pollutant in the membrane
-3 -1(moles cm atm )
1 = thickness of the membrane (cm)
c = concentration of pollutant (atm or g cm )
T = time (sec)
According to Rubin's equation, the response is linear with dose and 
has a slope of DS/1. The constant, k, in the West expression is 
simply 1/DS in the Rubin model.
Since West's results have proven to be useful in dosimetry, and 
a rigorous model which agrees with his experimental findings is 
available, an improvement in sensitivity over the West badges was 
sought.
85Rubin predicts that a reagent homogeneously impregenated in a 
polymer membrane, which is made as thin as possible, would have 
maximum sensitivity. Further, Rubin predicts that the response of 
such a device would be linear with the square root of time. The 
design and evaluation of such a device is the purpose of this work.
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2.3 MATHEMATICAL MODEL OF THE PERMEATION DEVICE USED IN THIS STUDY
The device designed and evaluated in this work consists of a
reactive olefin or trapping center for ozone, 1 0 ,1 0 '-dimethyl-
9,9'-biacridylidene (DBA) (Figure 2), which can be homogeneously
distributed throughout a membrane (Figure 3). Rubin has concluded
85that this is the most sensitive configuration for such a device.
In order to obtain a solution to Fick's diffusional equation, Rubin 
has made the following assumptions.
(1) The membrane lies between the surfaces shown as x = 1, which are 
exposed to the air and a varying partial pressure of pollutant, 
P(T). Rubin predicts that if one of the surfaces at x = 1 was 
impermeable to diffusing gas, the amount of trapped pollutant 
would be decreased by half. This was confirmed experimentally 
by simply coating one surface with scotch tape during an 
exposure.
(2) The transport of the pollutant through the membrane is described 
by the modified diffusion equation:
C)c(x,T) 3 2C(x,T)
_ D ------- -k(x,T)n(x,T) (4 )
•  a *2
FIGURE 2
THE REAGENT OLEFIN
CH
ch3
, IO ' - D im e t h y l - 9 ,9 ' -  biacridylidene
(DBA)
FIGURE 3
D I A G R A M  R E P R E S E N T I N G  M O D E L  OF  
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and the companion equation
= -kC(x,T)n(x,T) (5 )
where C(x,T) is the concentration of the untrapped or unreacted 
gas at position x and at time T; n(x,t) denotes the number of 
trapping sites at position x and time T; D is the diffusion
coefficient of the unreacted gas and is assumed to be
independent of the extent of the chemical reaction between DBA
and ozone. From the form of the companion equation, it is
evident that the chemical reaction involving trapping sites is 
assumed to be bimolecular and irreversible; k is the rate 
constant of the reaction.
(3) The boundary conditions, which the concentration C(x,T) is 
assumed to satisfy at the surfaces x = 0 and x = 1 , are:
(i) At x = 1 there is equilibrium between the pollutant in the 
gas phase and the unreacted pollutant dissolved in the 
membrane.
C(1,T) r SP(T) (6 )
It is assumed in this boundary condition that the 
solubility constant of the gas in the membrane is 
independent of the extent of the reaction between the 
gas and the trapping sites.
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(ii) The flux of unreacted gas across the x = 0 plane is 
zero, so
0C(x,T)
d x
= 0 . (7)
x= 0
(iii) The initial concentration of pollutant dissolved in the 
membrane is assumed to be zero,
C(x,0) =0, 01 x 1 1. (8)
(iv) The initial concentration of reactive sites (which are
immobile) is assumed to be uniform,
n(x,0 ) = N , 01 x 1 1. (9)
A rigorous solution has not been obtained for these conditions, 
but an approximate solution can be obtained in the following special 
case.
Assume that the trapping reaction can be treated as
instantaneous on the time scale of the diffusion process. Since the
reaction between DBA and ozone is treated as instantaneous, dissolved 
gas (ozone) and trapping sites (DBA) cannot both be present in the 
same volume element of the membrane. Therefore, there is a region
41
next to the exposed surface in which all trapping sites are filled 
and in which additional pollutant gas is free to diffuse. This 
region is separated from virgin membrane by a sharp planar boundary, 
f , which moves at a velocity determined by the rate at which 
dissolved pollutant gas diffuses to the moving boundary (Figure 4).
or Oq
Hermans and Rubin have formulated a solution where the partial 
pressure of the gas is constant at the exposed surface:
where R(T) = total amount of gas per unit area which has reacted
<F = the positional coordinate of the moving boundary of 
diffusing gas molecules, cm.
The position of the moving boundary can be calculated by:
R(T) = N oy; (10)
_2
up to time T, moles cm .
_3
Nq = initial concentration of trapping sites, moles cm .
1/?J  = Z[4DT] w c ; (11)
2 -1where D = diffusion coefficient, cm min and T = time, min.
Z is a constant determined by the transcendental equation:
SP
(12)
o
U2
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where S = solubility coefficient of gas in membrane,
-3 -1moles cm atm .
PQ = constant partial pressure of gas, atm.
Figure 5 shows that for small values of N ”^SP  ^ (Table XV listso o
typical values as NQ = 8.94 x 10“® moles cm“ ,^ 3 = 4.00 x 10”** moles 
cm”  ^atm”'* [modeled data] ^ 2 and PQ = 5.70 x 10”® atm), equation 12 
reduces to
Z = (SPC/2N0)1/2 (13)
or
T -
4DTSP 
 Q
2 No*
1/2
(14)
Substituting into equation 10 gives the final form:
R(t) = [2SDNoPoT]1/2. (15)
The time-averaged, instantaneous partial pressure, P , can also
be written as
T
Pq = ^ J  P(T)dT. (1 6 )
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FIGURE 5
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F R O M  T H E  E Q U A T I O N :
0 .8 -
2
0 .6-
0.4
0 .2-
TT ” 0 •5 S P0 No1 X 10®
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The equation for R(T) then becomes
R(T) = [2SDN fT P(T)dT]1/2. (17)
°  CT
Rearranging yields
[R(T)]2 rT
[ P(T)dT. (18)
2SDN 0o
The dimensions of the integral are atm-min which are in units of 
dose (concentration x time).
CHARACTERISTICS OF THE OZONE 
TRAPPING CENTER
3.1 SELECTION OF AN OLEFIN TO TRAP OZONE
7 64It is generally known that ozone attacks olefins ’ and cleaves 
them to ketones or aldehydes. Further, ozonolysis of an olefin is 
specific to ozone. However, not all double bonds are equally 
reactive. The Woodward-Hoffman rules predict a favorable reaction
7
between ozone and an olefin in the ground state. In locating a 
suitable target olefin for use in the determination of ambient ozone 
concentrations, the criteria outlined in this section should be met. 
The olefin selected, 10,lO'-dimethyl-^S’-biacridylidene (DBA), has 
met each of these requirements; consequently it is one of the most 
specific ozone traps available.
The following criteria make olefins, particularly DBA, 
especially attractive as ozone traps:
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(1) The ozonolysis of an olefin is specific to ozone.
(2) An olefin that has a low vertical ionization potential will be
most reactive toward 1,2-dipolar addition. As the ionization
potential decreases, the rate of 1,2-dipolar addition 
88increases. The rate of 1,3-dipolar addition of ozone (Section
3.2, Table VIII) follows the same inverse relation. The 
experimentally determined vertical ionization potential of DBA
Oq
is 6.38 eV. Furthermore the reaction between ozone and 
olefins is irreversible. A discussion of this result and
46
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correlations to the rate of ozonolysis are presented in Section
3.2.
(3) The aromatic hydrogen atoms of DBA repel one another; as a
95 111result the molecule is not planar and is strained. ’ This 
strain can be relieved by formation of the primary ozonide.
(4) In this reaction as in most ozonolysis reactions, the formation 
of the primary ozonide is favored by approximately 60 kcal per
7
mole.
(5) The quantitative ozonolysis of one mole of fluorilydene to give
91two moles of fluorinone has been reported.
(6) The intermediate Criegee zwitterion can be stabilized by 
resonance through the aromatic rings.
(7) The olefin selected must not undergo any reaction with sulfur
dioxide or nitrogen dioxide. By a complex reaction, rings
containing nitrogen may be reduced and consequently
90aromatization of this ring may occur. If such a reaction 
occurs, it would be unavailable to DBA due to the presence of 
N-methyl groups. Furthermore, the presence of N-methyls, 
instead of N-hydrogens, prevents hydrogen atom abstraction by 
nitrogen dioxide.
(8) The products of the reaction between DBA and ozone have been 
characterized. One mole of ozone reacts with one mole of DBA to 
yield two moles of 10-methyl-9(10 H)-acridone (NMA).^”^
48
N
2
0
ch3
J + 0
ch3
DBA NMA
Unfortunately, these characterizations have been by gas
chromatography, fluorescence and visible spectrophotometry. The
NMR spectra and the mass spectral fragmentation pattern of DBA
have not been reported.
(9) Both the fluorescence and absorption spectra of NMA can be
111observed without interference from DBA. If additional 
sensitivity is required, the formation of two moles of NMA can 
be monitored rather than the disappearance of one mole of DBA. 
(10) Since the olefin of choice is to be homogeneously impregnated in 
a permeable polymer membrane, direct reading of the absorbance 
of this impregnated olefin would be most convenient. This 
requires five conditions:
(a) The membrane must be permeable to ozone (Table VII) and be 
optically transparent in the region of DBA or NMA absorptions 
(Figures 6 and 7).
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(b) The change in membrane absorbance (without reagent 
impregnated) with thickness must be sufficiently small so that 
this parameter would not have to be accounted for in designing a 
reference polymer for absorption measurements (Figure 8).
(c) The visible absorbance spectra of the product of the 
reaction between DBA and ozone (NMA) must not interfere with the 
absorbance spectra of DBA. Direct monitoring of the 
disappearance of DBA as it reacts with ozone is possible if 
there is no interference and eliminates the need for an 
extraction step (Figure 7).
(d) The absorbance of DBA must follow the Beer-Lambert Law 
(Figures 9 and 10). The Beer-Lambert Law insures that a molar 
absorptivity coefficient can be calculated and used in 
subsequent calculations. Any non-linear behavior can be 
attributed to diffusion.
(e) The trapping center, DBA, and the membrane, MEM 213, must be 
soluble in a common solvent in order to cast a film 
homogeneously impregnated with DBA.
(f) The reaction between the trapping center, DBA, and ozone 
must be essentially irreversible.
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Table VII. Permeability of Membranes46titr. ,
1
Membrane 1 Thickness
I
| Relative
Type Source (cm x 104) j Permeability I
Cellulose acetate
I I 
i DuPont |
I ______  __ I
25
i
( 2.50 
!
Mylar A
i I 
I DuPont | 
I I
25
!
i 0.17 
I
Polyethylene
I I 
| Packaging Aids | 
I .......... I
25
(
I 1.00
Silicone
polycarbonate . 
copolymer MEM-213
I I 
(General Electric) 
I I 
I I
I . ..... . I
25
I
( 80 
I 
I 
I
Dimethylsilicone
I I 
(General Electric! 
I I
25
I
I 272 
I
a. These permeabilities were measured for S0? relative to 
polyethylene which is assumed to be 1.00. The relative 
permeability of S0? should serve as a rough estimate of the 
relative permeability of ozone.
b. Polymer used in this work.
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FIGURE 6
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Variation in Absorbance with Film Thickness  
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The membrane selected for use in this work is General Electric
112Membrane 213 (MEM 213). This membrane is a dimethylsilicone 
polycarbonate membrane of the structure shown below.
r CH, h r 0 CH-, o I
r i 3 1 II 1 3 II ]
0--- — Si— 0-
I
— ~C-- 0-— Ph—  J— -Ph—  
j
1 0 1 1 0 1 1 0 1
-4
-
1
L ch2 J 20 CH-j
Silicone : Polycarbonate
40 atoms : 48 atoms
length : length
113Attar was successful in impregnating this film with reagents. 
In addition to the criteria above, this film is especially suitable 
because the siloxane (or amorphous) portion has a high permeability 
to ozone, while the polycarbonate (or crystalline) portion provides 
rigidity and stability. Both components of the copolymer make MEM 
213 practical for use in a permeation dosimeter. Numerous 
investigations into the morphology of this copolymer have been
completed and will be discussed in Chapter 5. Table VII compares the
permeability of MEM 213 to other polymers. MEM 213 is the optimum 
compromise between permeability and crystallinity.
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FIGURE 9
CALIBRATION CURVE FOR 
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3.2 VERTICAL IONIZATION POTENTIAL AND THE RATE CONSTANT OF THE 
REACTION BETWEEN DBA AND OZONE
Several authors have correlated the rate constants of singlet
88 Q7 Q8 102oxygen/olefin * or ozone/olefin f reactions with vertical
ionization potentials. Generally, as the vertical ionization
potential of an olefin decreases, its rate of reaction with ozone or
88singlet oxygen increases. Although graphs relating the logarithm
of the rate constant to ionization potential are linear, different
slopes result from different olefinic homologs. Generally, however,
electron-rich alkenes react faster than electron-deficient 
103alkenes, and electron-rich alkenes usually have lower ionization
103potentials than electron-deficient alkenes.
Since both the non-bonding electrons of nitrogen and the
electrons of the olefinic pi system of DBA are expected to have a low
vertical ionization potential, a reasonable assignment of the PES
126spectra can be made on the basis of peak shape. Removal of a 
non-bonding electron causes little change between the ground state 
and excited state geometries. Hence, the allowed transitions yield a 
peak skewed toward higher energies. However, removal of a bonding 
electron usually causes changes in the geometry of the excited state. 
The allowed transitions usually yield a peak which is symmetrical in 
shape. Since the peak appearing at 6.38 eV is symmetrical, it has 
been assigned to the vertical ionization of the olefinic pi system 
(see Figure 11). The peaks appearing at 7.16 eV and 7.70 eV are
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skewed toward higher energies and have been assigned to the 
ionization of each of the nitrogen atoms. The peak at 7.70 eV is 
then suggestive of a doubly-charged ion. A doubly-charged ion 
appears in the GCMS data (Figure 21) indicating its ease of 
formation.
In the continuing effort to correlate the rate of olefin 
reactivity to the ionization potential, the rate constant of the 
DBA/ozone reaction and the ionization potential of DBA were 
experimentally determined. As expected, the DBA/ozone reaction 
continues the trend begun by other aromatic compounds (Table VIII and 
Figure 12).
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Table VIII. Vertical Ionization Potentials and Rate Constants 
____________ of Ozonolvsis of Various Aromatic Hydrocarbons
Compound j
I
Vertical I 
Ionization I 
Potential j 
(eV) S
1
Reference
i
1 k 0 j (CC14> 25 C)
-1 -I i (m sec )
I
j Reference
DBA |
1
6.83 S 
I
this work I 5.2 x 109
I . .
i this work
Anthracene j
1
7.55 i 
S
104 I 5.0 x 103
I. .........
I 108,109
Pentamethyl-j 
benzene j
s
7.92 !
I
I
92 i 50 
I
I ......... _
I 92
Phenanthrene|
1
8.10 | 
I.
106
I
I 80 
I
I 108,109
Naphthalene |
I
8.12 S
I
99
I
i 2.4
I __ _
I 108,109
Mesitylene j
I
8.40 I 
1
92
I
I 4.2 
I
I 92
o-Xylene |
1
8.56 I 
1
92 j 0.82 
I.............
I 92
t-Butyl- | 
benzene i
1
8.68 | 
1 
1
99
I
i 0.070
I
I
I 92
Ethylbenzene j
1
8.76 1 
1
99
I
I 0.34
i ... .
I 92
Toluene j
1
8.82 I 
1
92
I
! 0.17 
I .
I 92
Benzene |
_.......  1
1
9.24 I
....L
99
I
i 0.028 
I.............
I 92
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EXPERIMENTAL
4.1 PREPARATION OF POLYMER MEM 213 CONTAINING REAGENT
An individual badge used in ozone exposure experiments was 
prepared as follows. First, a casting solution was made by 
dissolving 6.49 mg of DBA in 100.00 ml of methylene chloride 
containing 1.848 gm of MEM 213. This solution was wrapped in foil, 
sealed with teflon tape and allowed to dissolve for 18 hours under 
argon. From this solution, 25.00 ml were pipetted into a circular 
cylinder having a base of teflon. Methylene chloride was allowed to 
evaporate for 12 hours leaving DBA homogeneously impregnated in MEM 
213. The resulting film contained 0.35% DBA by weight and was 36.5 ±
1.3 thick. From this cast polymer film, twenty-one individual 
badges were cut for use in exposures (Figure 13). Each film badge 
was mounted on a polymethacrylate film holder (Figure 14) of 
appropriate size to enable direct placement in a Beckman 
spectrophotometer cell compartment. If a film of a different 
thickness was sought, additional polymer was added to the casting 
solution.
The uniformity of the resulting film badges was assessed.
Typical absorbances and thicknesses of individual film badges are
shown in Table IX. The thickness and initial absorbance of a badge
-4taken from this particular cast was 37.9 ± 2.0 x 10 cm and 0.497 ± 
0.016, respectively. Variations in uniformity probably result from
62
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FIGURE 13
DIAGRAM OF THE SURFACE OF A TYPICAL CAST FILM 
AVERAGING 36.5 MICRONS IN THICKNESS
Numbers I through 21 indicate positions on casted film 
from which corresponding badges were taken.
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FIGURE R
FILM HOLDER SHOWING MOUNTED 
BADGE
iii 1111 t'ii i
0 .5 1.0 cm
Film holder (polymethacrylate)
Scotch tape
Film badge - 
impregnated 
with DBA
Table IX. Initial Absorbance and Thickness of a 
_________ Typical Cast Polvmer Containing Reagent
1
Film | 
Number I 
I
Initial
Absorbance
• h
| Thickness^ 
j cm x 10 
I
1
1 Ii
.496
I
I 35.6
II
2 I
I
.530 I 39.9
Ii
3 1t
.510 I 40.6
1
4 1 .523 I 40.6
!
5 1i
.490 i 39.4
Ii
6 1 
i
.492 i 38.1
j1
7 1i
.477 I 35.6
I1
8 I
i
.499 I 36.1 
j1
9 I 1
.500 I 36.8
i
10 |
t
.465 1 35.6 
11
11 I
i
.437 1 34.3 
1i
12 I
l
.510 1 36.8
13 II
.530 I 40.6
14 I
i
.520 1 40.6
15 II
.505 1 40.6
16 | 
i
.491 I 40.6
17 Ii
.505 1 38.1
18 I 
1
.464 I 35.6
i
19 II
.500 I 35.6
20 | 
i
.500 I 38.1
I
21 I .493 I 35.6
(Table IX continued)_______________________
a) Average initial absorbance = 0.497 ±0.016 
Beckman DB Spectrophotometer
b) Average thickness = 37.9 ± 2.0 x 10”  ^cm 
0.0001 Starrett Micrometer
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non-uniform evaporation of methylene chloride and an unlevel casting 
surface.
An average thickness can be estimated using the Beer-Lambert Law
if the molar absorption coefficient of DBA in MEM 213 (K ) is
Pj”jUO
known. The absorption coefficient under these conditions was 
experimentally determined to be 34800 cm . If the concentration of 
DBA in MEM 213 is 0.35% by weight and the average absorbance is
0.497, the calculated thickness from the Beer-Lambert Law is 40.8 x
-4 
10 cm.
4.2 DESIGN OF THE EXPOSURE MANIFOLD
In designing any analytical method, the test method should be
114compared simultaneously to the standard analytical method. The
current standard method for ozone determination, as promulgated by
g
the E.P.A., is UV photometry. Currently, there are numerous 
photometers that comply with the E.P.A. standard method of 
measurement one of which is the Dasibi 1008-AH photometer. This 
device measures ozone at 254 nm and corrects for temperature and 
pressure.
Figure 15 illustrates the configuration of the exposure chamber. 
The air or oxygen was filtered, dried and scrubbed of nitrogen 
dioxide, sulfur dioxide and other particulates by passing over 
charcoal, indicating silica gel and chromium trioxide. The air
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flowrate was regulated at the inlet (B, Figure 15) and measured at 
the outlet (Q, Figure 15) of the manifold. The flowrate upon 
entering the system (B, Figure 15) was 16 1/min.
Immediately prior to entry into the air photolysis tube (ozone 
source, Figure 15), the air was split. The portion of air (2 1/min) 
diverted to the Dasibi photometer (J, Figure 15) provided the 
reference air. The remaining portion of air (14 1/min) was 
photolyzed in a quartz tube (35.0 cm length x 2.50 cm O.D.). Upon 
exiting the photolysis tube, the ozonized air stream was again split. 
The portion going to the Dasibi photometer (2 1/min) provided sample 
of ozonized air. The remaining portion (12 1/min) was diverted to a 
glass exposure chamber where'reagent-impregnated films were 
positioned for exposure. Taking into account the dimensions of the 
exposure chamber, a flowrate of 12 1/min corresponds to a wind speed 
of 0.63 mph - an accurate model of indoor air velocity. The Reynolds 
number associated with this configuration, 3 8 3 0 , indicates turbulent 
flow. The flow in the exposure chamber could be monitored 
continuously by a bearing flowmeter (Q , Figure 15) previously 
calibrated by a bubble flowmeter (S, Figure 15).
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OZONE EXPOSURE CHAMBER COMPONENTS
A) Balston type 92 air filters
B) Double stage air regulator
C) 1000 ml charcoal scrubbers
D) 1000 ml indicating silica gel scrubbers
E) Oxygen tank
F) Oxygen regulator
G) 250 ml indicating silica gel scrubber
H) 15.2 cm x 15.2 cm x 33.0 cm black stainless steel ozone 
generator body
I) 35.0 cm length x 2.50 cm O.D. quartz photolysis chamber 
J) Dasibi Model 1008-AH Ozone Photometer
K) Air flush valve
L) Glass exposure chamber (25.0 cm length x 3.00 cm O.D.)
M) Glass exposure chamber (30.5 cm length x 3.00 cm O.D.)
N) Rubber stoppers, No. 6
0) Thermometer 0°C to 300°C in 2°C divisions
P) All tubing prior to this point is teflon; all tubing after
this point is tygon 
Q) Bearing flowmeter, 700 to 18500 ml/min capacity 
R) Valve
S) Bubble flowmeter, 1750 ml capacity
T) Film holders containing impregnated badges
FIGURE 15 
OZONE EXPOSURE CHAMBER
Vent
Bubble Flowmeter
Air
Flush
Vent C
Bearing
Flowmeter
M CH
Glass Exposure ChamberDasibi
Photometer Ozone Source
Air
Oxygen
Source
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4.3 EXPERIMENTAL DETERMINATION OF PARAMETERS USED IN 
THE MATHEMATICAL MODEL
85The final expressions derived by Rubin are given in Section
2.3 as equations 15, 16, and 17. These equations are restated below:
R(T) = [2SDNqPoT] V 2  (15)
T
P„ = -  f  P(T)dT (16)
° T o
R(T) = [2SDNq J  P(T)dT] 1 / 2 (17)
Experimental determination of each of these parameters is required to 
test the validity of this model..
The parameter, T, is the time of an exposure, in minutes, and 
can be recorded on any stopwatch. PQ is the partial pressure of 
ozone, in atmospheres, and is displayed digitally on the Dasibi 
1008-AH photometer. This measurement, made by UV absorption, is 
corrected for temperature and pressure. Since the reading is taken 
digitally, frequent measurements (about 1 5 0 per 400 minutes) were 
taken to insure no large fluctuations in pollutant concentration.
Nq is the concentration of initial trapping sites in moles cm . 
This quantity can be obtained directly from knowledge of the initial 
absorbance, A^, the density of MEM 213, d (gm cm ), the film
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”1thickness, b (cm), the molecular weight of DBA, W (gm mole ) and the 
value of the molar absorption coefficient of DBA in MEM 213, 4 3 0 0
(cm- )^ at 4300 8 . These quantities are related by the expression
A.d
WQ =  l  (19)
Kp,4300bW
The initial absorbance, A., of DBA in MEM 213 can be read 
directly at 4300 8  since the film does not absorb at this wavelength.
11O 11C
The density of MEM 213, d, was reported in the literature * and
experimentally confirmed to be 1.156 gm cm . The molecular weight
— 1
of DBA is simply 386.5 gm mole .
The measurement of the film thickness, b, was not so
straightforward. A method for routine measurement of film thickness
was established and evaluated in the following manner. Polymer MEM
213 was taken to be 25.4fX as received from General Electric. Since
this polymer is a specialty polymer, some variation is to be expected 
1 1
in the thickness. The thickness of this standard MEM 213 was 
verified by calculation from infrared interference fringes (Table X) 
and from direct micrometer readings. The thicknesses obtained from 
these two methods are compared in Table XI.
In most cases, two to five fringes were available from the 
infrared spectra of MEM 213 (Figure 16) resulting in greater error 
than if eight or ten fringes had been used. In three instances, 
infrared interference fringes do not appear at all due to the nature 
of the polymer. A polymer such as polystyrene has a high degree of
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crystallinity and can be positioned so that the two exposed surfaces 
are sufficiently parallel to give rise to interference fringes. 
However, MEM 213, unlike polystyrene, is more amorphous and wrinkles 
easily therefore interference phenomenon is not observed. The time 
needed to collect a high resolution infrared spectra on a Beckman 
IR- 9 spectrometer was approximately thirty minutes, and only ten of 
the thirteen films were analyzable by infrared spectroscopy. The 
average thickness of MEM 213 calculated from these ten films was 25.6 
± 0.7fJL (Table XI). If 25.4// is accepted as the nominal thickness, 
the error in the infrared interference fringe measurements is 0 .8% 
error.
The thickness of MEM 213 found by using a 0.0001 inch resolution 
micrometer was 27.3// in which there was a 7% error and a 2.27% 
relative deviation.
Due to the long length of time needed to obtain an infrared 
spectra and the sporadic appearance of fringes in the spectra, the 
use of a 0 . 0 0 0 1 inch resolution micrometer was more convenient for 
measuring film thickness routinely. Since the micrometer readings 
appeared systematically high, the micrometer was calibrated to 
correct for this. This calibration reduced the error to 0.4% and did 
not affect the precision of the data. All thicknesses reported in 
this work are corrected thicknesses measured by a 0 . 0 0 0 1 inch 
resolution micrometer.
The value of the absorptivity of DBA in polymer MEM 213 could be 
experimentally elucidated by preparation of a methylene chloride 
solution containing 17% (w:w) MEM 213. The resulting
Table X. Evaluation of the Thickness of General Electric MEM 213a 
________ bv Infrared Interference Fringes_____________________
Film
Number
1 MNumber of |
Fringes Used (N) | (cm” )
1
U , j
(cm ) j 
___  I
Thickness*5
(microns)
1 5
1
I 3 8 8 0
i
3230 i
I
24.8
2 4 I 3790
j
3300 |
I
26.3
3 N.A. 1 N.A.i
N.A. |
I
N.A.
4 2 I 2510
I
2240 | 23.9
5 2 I 3459
I
3202 | 25.1
6 N.A. I N.A.
I
N.A. |
I
N.A.
7 2 I 3470
I
3 2 1 0 | 24.8
8 N.A. I N.A. 
j
N.A. |
i
N.A.
9 3 j 3 6 2 0 3245 I
I
25.8
10 5 I 3865
I
3235 I
i
25.5
11 3 I 3 6 2 0 3246 | 25.9
1 2 2 I 3530
I
3293 I
i
2 7 . 2
13 5
I
I 3825 
. I
3212 | 
I
26.3
(Tabled _cpnU n ue<3),
a) General Electric Polymer Membrane 213, as received from General 
Electric, has a thickness of 25.4 microns. However, polymers such 
as Membrane 213 are not mass produced and are expected to have 
variations in thickness.
b) Thickness (b) in cm can be calculated from infrared interference
,.117fringes by the following formula:
•■i
where
N
v , - v2 (20)
b = thickness in cm
N r number of fringes used in the calculations
/A - position of the first fringe used in the calculation of
-1thickness (cm )
U 2 - position of the second fringe used in the calculation of
^ 0  =
_ i
thickness (cm )
calculated refractive index of polymer Membrane 213, 
1.55118
P
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R
C
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FIGURE 16
I N F R A R E D  I N T E R F E R E N C E  F R I N G E S  
OF G E N E R A L  E L E C T R I C  M E M B R A N E  2 13  
T h i c k n e s s :  2 5 . 4  m i c r o n s
Film 10
F i l m  1 3
F i l m  1
F i l m  2
4 0 0 0  3 8 0 0  3 6 0 0  3 4 0 0  3 2 0 0  3 0 0 0  2 8 0 0  2 6 0 0  2 4 0 0
W A V E N U M B E R S I c m * 1)
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Table XI. Comparison Between Micrometer and Infrared 
Interference Fringe Measurements of MEM 213 
_________ Thickness_______________________________
I
Film ! 
Number I 
1 
1
I
Thickness from . | 
Infrared Fringes j 
(microns) j 
I
Thickness from 
Micrometer 
(microns)
1
1 Ir
I
24.8 i 
j
27.9
i
2 I
i
26.3 I
I
25.4
i
3 ! N.A. | 27.9
4 I
!
23.9 I
j
27.9
I
5 1 25.1 II
25.4
i
6 1 N.A. I 25.4
7 1 24.8 | 27.9
8 i
i
N.A. | 27.9
l
9 1 1
25.8 I 27.9
10 | 25.5 I
j
27.9
11 I
I
25.9 I
I
27.9
12 I 27.2 I
I
27.9
13 I 
I
26.3 I 
I
27.9
I
Average i 
thickness j 
I
Relative | 
deviation I 
I
I
25.6 ±0.7 I
I
I
2.5% I 
I 
I
27.3 ± 0.6 
2.3%
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(Table XI continued)_____________________________________
a) General Electric Polymer Membrane 213 is reported by 
General Electric to have a thickness of 25.4 microns. 
However, custom polymers, such as Membrane 213, have 
variations in thickness.
b) Beckman IR-9 high resolution grating infrared spectrometer.
c) Starrett Model-436 0.0001 resolution micrometer.
A
B
S
O
R
B
A
N
C
E
FIGURE 17
COMPARISON OF DBA SPECTRA IN A METHYLENE CHLORIDE
SOLUTION AND A17% POLYMER SOLUTION0 .6 -
-5
M ola r  DBA in M e t h y l e n e  C h lo r id e
0 . 5 - -5
M o la r  DBA in 17% P o ly m e r  S o lu t io n
1 . 0 0 0  cm c e l l0 . 4 -
0 . 3 -
0.2-
0 .1-
4 5 0 03 7 0 03 5 0 0 4 7 0 03 9 0 0 4 1 0 0 4 3 0 0
WAVELENGTH (A)
vO
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solution was sufficiently viscous to elucidate the polymer viscosity
but could be poured into cells of 1.000 cm thickness. The spectra of
2.59 x ID"5 molar DBA in 17% MEM 213 solution is shown in Figure 17
-5overlapping the spectra of 2.59 x 10 molar DBA in methylene
chloride. Since no appreciable change in the molar absorption is
detectable in going from a 0% to a 17% polymer solution, it would not
be expected to change appreciably in going to a 100% polymer film.
It appears that the extrapolation of the molar absorptivity of DBA in
—  1 —1
methylene chloride (£, m cm ) can be converted directly for use in 
the polymer systems (Kp i|3oo> cm *^ ^ direct conversion to
appropriate dimensions yields 34800 crn”  ^for the value of Kp 1 1 3 0 0* 
This value is used in.all subsequent calculations involving DBA/MEM 
213 systems.
Equation 19 can be rearranged to give equation 21, and the terms 
in parenthesis can now be evaluated.
A d
N = r 1 -z r; (21)
0 b p,4300
A. (1.156 gm cm” )^
N = r1 ---------  ~r~ (22)
(34800 cm” )(386.5 gm mole” )
A. Q p
N = (8.59 x 10” moles cm” ) (23)o b
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To determine the concentration of initial sites in a film badge, its 
initial absorbance, A., and thickness, b, is all that need beJL
measured experimentally.
R(T) is the amount of reagent, DBA, that has reacted up to time
_2
T in dimensions moles cm . Since one mole of ozone reacts with one 
92-Q6mole of DBA, the disappearance of one mole of DBA corresponds to
one mole of ozone reacted. The following method is used to determine
R(T)
-3Subtracting the initial concentration of DBA, (moles cm ),
_o
from the concentration of DBA after exposure, (moles cm ), yields
the amount of DBA reacted. Multiplying this quantity by the membrane
_2
thickness to convert to dimensions of moles cm gives:
bC. - bCf = R(T) (24)
By the Beer-Lambert Law,
A = KbC (25)
so that substitution into equation 24 yields:
Kp,4300b _
- b = R(t) (26)
Kp,4300b
82
rearranging gives:
A A
 -------= R(T) (27)
p,4300
—2To convert R(T) in equation 27 into dimensions of moles cm , the 
left side of the equation is multiplied by d/W. The final form of 
R(T) is then
R(T) = AA
Kp,4300W
(28)
The parenthetical terms in equations 21 and 28 have been
—8 —2evaluated to be 8.59 x 10“ moles cm” . Hence, the quantities R(T) 
and Nq can be obtained experimentally from the initial absorbance of 
a DBA-impregnated film, its absorbance after an exposure and its 
thickness.
1 /2In routine data collection the quantity (2SD) can be
1 /2obtained by dividing the slope of a graph of R(T) versus (NT) byo
(Po)1/2 or by calculating the slope of the graph of R(T) versus 
(P0N0T)1/2. For a thickness of 36.5 + 1.3 x 10  ^cm, (2SD)^2 is a 
constant:
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, moles® ‘"’em
7,88 ±  *37 x 10 ' nj-5atm6.5m;~b:5'cm atm m m
1/2Since (2SD) does vary with thickness, a subscript b is attached - 
(2SD)J/2.
Substituting the values for d, and W into equation 20
results in equation 29.
R(T) = AAC8.59 x 10"8 moles enf2) (29)
1 /2Substituting the value for (2SD)^ , equation 29 and equation 23
into equation 18 yields equation 30.
&A)2b fT 
T o c -fl" = P(T)dT (30)7.25Ai Qj
Hence, the integral can be evaluated by measuring the initial 
absorbance, A^, the film thickness, b, and the final absorbance, A^ .
of a film badge.
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4.4 METHOD OF EXPOSURE AND DATA COLLECTION
Prior to each exposure experiment, all films (unless otherwise
noted) were preoxidized by exposure to 0.077 ppm ozone for 40
minutes. This procedure removes the appearance of anomalies
associated with preequilibrium diffusion. A more thorough discussion
of this phenomenon is presented in Section 6.2.
Twenty-six independent exposures using ozone concentrations from
0.036 to 1.29 ppm ranging over times of 15 to 400 minutes were run.
Each data point in an exposure is the average of three independent
exposures. Since three readings gave the same precision as
twenty-one readings (compare data in Tables XII and XIII), triplicate
exposures were considered sufficient. Values for AA were calculated
by subtracting the absorbance after exposure to ozone, A^, from the
absorbance before exposure, A^. After an exposure, the thickness, b,
was measured by a Starrett 0.0001 micrometer.
1 / P
The quantities (NqT) and R(T) were calculated using
equations 23 and 29 respectively. A typical result is shown in
1 /?
Figure 18 and Table XIV. A plot of R(T) against (N T) 8/ yields ao
line whose slope was divided by (P to give (2SD)^^
Various concentrations of ozone were generated by photolysis of 
air or oxygen by a mercury arc lamp housed in a retractable sleeve. 
The flowrate was maintained at 12 1/min (0.63 mph), unless otherwise 
indicated, and monitored continuously by bearing flowmeters. The
Table XII. Results of Four Triplicate Exposures
to 0.205 ppm Ozone for 45 Minutes
Set
I I
I Film | AA
I
I Absolute
I Number | 
I . _ I
i Deviation 
I ...........
I I 
I 1 I .077
I
I .002
1 I 2 I .074 I .001
I 3 I 
I I
.073 ! .002 
i
I
I Average AA: .075
i Average Deviation: .002
I Percent Relative Deviation: 2.7% 
I
I I 
I 1 I .074
I
i .006
2 ! 2 | .082 I .002
I 3 I 
I !
.084 I .004 
I
I
I Average AA: .080
i Average Deviation: .004
i Percent Relative Deviation: 5.0%
I .......  .....
I I 
I 1 I .077
I
I .004
3 I 2 I .086 I .005
I 3 I 
I I
.079 I .002 
I
I
I Average AA: .081
I Average Deviation: .004
{ Percent Relative Deviation: 4.9% 
i
I I 
I 1 I .083
I
I .005
4 I 2 I .077 I .001
I 3 I 
! I
.074 I .004 
I
I
I Average AA: .078
I Average Deviation: .003
I Percent Relative Deviation: 4.3%
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Film Number
I
| AA 
I
1
| Absolute Deviation 
1
1
I
I .083i
1
| .006 
i
2 I .083 I .006
I
3 I .077
i
1 o 
!
4 I .077 1 o 
1
5 I .077i
i
I 0
6 I .076 I .001
7 I .074 I .003
8 I .074 
i
I .003 
i
9 I .078 i
I .001
10 I .089 1
I .012
i
11 • o oo v_n
COoo•
12 I .080 
i
1 .003
13 1 .075I
I .002
14 1 .075
i
I .002
15 1 .072 1 .005
16 I .075 
1
I .002
17 1 .079 1
I .002
18 1 .076
I
I .001
j
19 1 .073 I .004
20 ! .074 I .003
21 1 .067 | .010
Average AA = .077 Average
Deviation
r .004
87
(Table XIII continued)________________________________________
Percent Relative Deviation = 4.6%
A comparison of the data in Tables XII and XIII indicates that the 
use of three films per data point provides the same precision as 
twenty-one films per data point.
Table.XIV, Results of Exposure of Film Badge Dosimeters to 0.083 + 0.002 ppm 0zonea
AA
uncorrected
I I 
I T | 
I (min) }
I . I
R(t) x 109 E[R(t)]b (NT)1/2 x 103 |
u  i 
1
. .3 7 ,  V  I V Y h n  . V t n f l f V
E[(NoT)1/2]°
.009
I I 
i 15.0 |
I I
0.7 13
1
11.3 I
I
0.89
.018 i 30.0 |
i |
1.6 0 15.8 | 0.99
.029 i 50.0 | 2.5 10 20.6 I 1.1
.052
| | 
1 104.0 | 
I I 
i 150.0 i
4.5 5.1 29.3 I
I
0.51
.059 5.1 2.6 35.0 I
I
0.87
.097
| | 
I 300.0 | 8.3 5.5 50.2 | 
I
0.31
.121
I t
I 400.0 | 
I !
10.4 3.1 58.2 | 
I
0.84
a) Each reading was an average of a triplicate analysis. The source of ozone was 
humid air.
The average film thickness, b, for this run was 37.7 +2.6 x 10”  ^cm.
—8
The partial pressure of ozone, P , was 8.29 ±0.15 x 10“ atm.
CD
CO
(Table XIV continued)
1 /2
The slope, m, of a graph of (NQT) versus R(T) was
2.03 ± 0.05 x 10"7 (moles cm^ min”  ^cm”^)^’^ .
1/2 -4 2 - 1  -3 -1 -10 5
The quantity (2SD), was 7.05 x 10 (moles cm min cm atm atm ) ’ ,
1/2evaluated by dividing m by (PQ)
-9 -2The y-intercept, c, was -1.67 ±0.17 x 10 moles cm .
1/2
The coefficient of correlation, r, between R(T) and (NT) was .998 (-1 ^ r <L 1).o
b) The percent relative deviation, E[R(T)], for each value of R(T) was 
calculated from three independent films for each time, T.
1 /2 1 /2
c) The percent relative deviation, E[(NQT) ], for each value of (K0T) —
was calculated from three independent films for each time, T.
FIGURE 18
EXPOSURE  
0 . 0 8 3  PPM O Z O N E
(NO.
~ T ~
10
~1 
2 0 3 0 4 0
T
5 0
0 . 5  3
(NaT)  x 10
0 . 5  3
OF I N I T I A L  S I TE S  x E X POS U RE T I M E )  x 10
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Table XV. Typical Experimental Values Used in This Work
Symbol
Ai
b
€
K.p,4300
d 
W
No 
R(T)
(2SD)1/2
b = 36.5
Definition
Initial absorbance
Membrane thickness
Molar absorptivity of 
DBA in methylene 
chloride, 4300 A
Molar absorptivity of
DBA in MEM 213
Density of MEM 213
Molecular weight of 
DBA
Initial concentration 
of DBA sites
Amount of ozone reacted 
or amount of DBA 
consumed
(2 x permeability)1/2
evaluated at thickness 
of 36.5 x 10“ cm
(NT)1/2 [ concentration of 1/2|.0116 - .0635 I moles minI
1
initial sites x time I (±1.1%) i
I ]
... ,jO»
i
P 1 Partial pressure of I.030-1.00 x 10“6 j atm
1 ozone corrected for I (±1.8%) I
1 temperature and ! I
1
1
pressure I I
I1
1 1.030 - 1.00 | ppm
I
i
I (±1.8%) |
i
Range of | Linear dynamic range I0.63 - 42 I ppm x min
dosimeter| 
1
I I 
I I
Value ! Dimension
.380 - .430
36.5 ± 1.3 x 10‘ 
10200 ± 100
34800 ± 340
1.156 ±  .002
386.5
.894-1.01 x 10 
(± 1 .1%)
0.43-17.9 x 10 
(± 4.4%)
-5
-9
7.88 ± .37 x 10'
none
cm
M“1cm"1
cm
g cm-3
g mole-1
mole cm-3
mole cm'
moles cm
-3
2 -i1/2
cm atm min
1/2
(Table XV continued)
Symbol j Definition
AA | Initial absorbance - 
Final absorbance
(Ai “ AP
T | Time
S I Solubility parameter of 
ozone in siloxane 
(modeled value)
D | Diffusion coefficient 
of ozone in siloxane 
(modeled value)
Value
I
| Dimension 
I
.005 - .208
I
I none 
Ii
0 - 400
i
1
i minutes
I
4.05 x 10"5
-1|moles cm atm
Il
13 x 10“6
1
2 -1| cm sec
I
I
7.8 x 10~4
I
2 -1j cm min
I , ......
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ozone concentration, corrected for temperature and pressure, was 
continuously monitored by a Dasibi Model 1008-AH photometer. The 
complete exposure manifold was described in Section 3.4.
Table XV summarizes the symbols, their meanings, a value or 
range of values, uncertainties and the dimensions of the parameters 
of interest in this work.
4.5 INTERFERENCES
The most significant interferences usually present in ozone
51determination are nitrogen dioxide and sulfur dioxide. The effect
of these pollutants was quantitated in this work by dilution of
11Q
certified standard gases (±2% of stated amount) as follows.
A flow of scrubbed nitrogen carrier gas was split into six lines
and recombined into a mixing chamber which contained an inlet for a
toxicant gas (Figure 19). This insures an even mixing of carrier and
toxicant by allowing mixing at approximately equal flowrates. The
flowrate of a 100 + 2 ppm nitrogen dioxide standard was controlled at
the inlet by a Matheson 3800 double stage stainless steel 
119regulator and monitored by a calibrated bearing flowmeter. The 
flowrate of nitrogen carrier gas was controlled by a brass, single 
stage regulator and monitored similarly. The flow into the exhaust 
was monitored by a third calibrated bearing flowmeter. The flowrate 
of 109 ± 2 ppm sulfur dioxide was controlled and monitored in an
94
identical fashion. The flow of toxicant and carrier gases was varied
as shown in Table XVI to achieve a sum of approximately 12000 ml 
—  1min . The final concentration (ppm) used for the exposure was then 
calculated as follows:
concentration 
of certified 
standard 
toxicant (ppm)
flowrate of toxicant
flowrate of flowrate of
toxicant + carrier.
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COMPONENTS OF MIXING AND EXPOSURE 
MANIFOLD FOR STANDARD GAS MIXTURES
A) Nitrogen tank (dilutant gas)
B) Brass double stage air regulator
C) 1000 ml charcoal scrubbers
D) 1000 ml indicating silica gel scrubbers
E) Matheson certified gas standard
F) Matheson Model 3800 high purity corrosive resistant regulator
G) Nitrogen splitting manifold with 9 ports
H) Mixing manifold for nitrogen and gas standard
I) Tygon tubing 
J) Teflon tubing 
K) Air flush valve
L) Glass exposure chamber (25.0 cm length x 3.00 cm O.D.)
M) Glass exposure chamber (30.5 cm length x 3.00 cm O.D.)
N) Rubber stoppers, No. 6 
0) Thermometer
P) All tubing prior to this point is teflon; all tubing after this 
point is tygon 
Q) Bearing flowmeter, 700 to 18500 ml/min capacity 
R) Valve
S) Bubble flowmeter, 1750 ml capacity 
T) Film holders containing impregnated badges
m
um
FIGURE 19 
MIXING AND EXPOSURE 
MANIFOLD FOR STANDARD 
GAS MIXTURES
V e n t
Bubble Flowmeter •<>
Air
Flush
Gloss Exposure Chomber
Bearing
Flowmeter
Bearing  
9  Flowmeter
Bearing
Flowmeter
voov
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Table XVI. Dilutions and Concentrations of Nitrogen Dioxide 
__________ and Sulfur Dioxide___________________________
Toxicant Concentration 
of Certified 
Standard Gas 
(ppm)
I
Flowrate | 
of Toxicant! 
(ml/min) |
Flowrate
of
N2 carrier 
(ml/min)
I
I Final 
j Concentration 
j of Toxicant 
I (ppm)
I
no2 100 ± 2 161 ± 2 I 12460 ± 87
I
I 1.28 ± .03
100 ± 2 325 ± 4 | 12460 ± 87 I 2.54 ± .06
100 ± 2 527 ± 7  I 12460 ± 87 ! 4.06 ± .10
100 ± 2 780 ± 10 | 11400 ± 80 I 6.40 ± .16 
j
100 ± 2 1100 ± 14 | 11400 ± 80 I 8.78 ± .22 
I ____
so2 109 ± 2 146+3 I 12460 ± 87
I
I 1.26 ± .04
109 ± 2 360 ± 7 I 12460 ± 87 I 3.06 ± .09
109 ± 2 522 + 10 | 12460 ± 87 I 4.38 ± .12
109 ± 2 770 + 14 | 12460 ± 80 I 6.90 ± .19 
I
MATERIALS AND METHODS
5.1 SYNTHESIS AND CHARACTERIZATION OF 10,10'-DIMETHYL- 
9, 9 1 -BIACRIDYLIDENE
10,10*-Dimethyl-9,9*-biacridylidene, (DBA) [CAS 23663-77-6], was
120synthesized by the method of Mukaiyama, Sato and Hana in a final
yield of 80%. The method involves the coupling, under argon, of two
moles of 10-methyl-9(1OH)-acridone, (NMA) [CAS 719-54-0], catalyzed
by 71.7 rrmoles of activated zinc dust and 35.8 nmoles of titanium
tetrachloride in 200 ml of refluxing dioxane (110°C). (See Table
XVII for stoichiometries.) An elegant elucidation of this coupling
121mechanism is given by McMurry.
The reaction mixture was refluxed for forty-eight hours, then
quenched with 350 ml of potassium carbonate and stirred for twelve
hours. DBA was extracted from this mixture using methylene chloride
in a continuous soxhlet extractor. The green powder extract was
washed with water, followed by ethyl acetate, pyridine and finally
acetone until the maximum absorbance (425 nm) for a known weight of
extract was obtained.
The product was characterized by melting point, visible
spectrophotometry, infrared spectroscopy, mass spectrometry, gas
chromatography, thin layer chromatography and NMR spectroscopy. The
melting point of the product, < 360°C, agrees with that reported by 
122Kormendy for DBA. The visible spectra (Figure 20) is symmetrical
in shape and agrees withXmax of 425 nm reported by Legg and 
111Hercules. The infrared spectra of DEA contains all the expected
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Table XVII. Stoichiometry and Quantities of Reagents Used-inJ)JA..Sy.ntheala
1
1
1
1
NMA | 
1
Dioxane
!
Zn i 
I
TiCljj DBA
I
I K2C03
1
Stoichiometry i 
...... 1
!
2 ! 
1
I
6 ! 
!
3 1
I
I
I
Formula weight! 
(g/mole) j 
1
209.25 i 
1 
1
88.11
I
65.37 I 
I
189.70 386.50
!
I 138.21
I
I
I
Grams used 1 
1 
1 
1
5.0000 | 
1 
1 
1
I
4.6851 ! 
I 
! 
I
6.7988 4.6187
(100%
yield)
I
!
!
I\
i
!
Millimoles 1 
used j 
1
1
23.89 ! 
1 
I
I
71.67 i
i
35.84 11.95
1
f
1
1
!
Volume used 1 
(ml) j 
1 
1
!
I
1
1
. .. 1
71.67
I
I
I
I
I
3.94
!
1 350
1 (1 0% k2co3
by weight)
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FIGURE 20
4.20 x 10 5 Molar DBA in Methylene Chloride 
Reference: Methylene Chloride 
1.000 cm cell
0 .6-
0 . 5 -
0 .4 -
0 .3 -
0 .2-
0 . 1-
4 100 4 7 0 04 5 0 03 7 0 0 4 3 0 03 9 0 03 5 0 0
WAVELENGTH (A)
oo
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Table XVIII. Assignment of the Major Infrared Bands offl 
____________ 10,10*-Dimethyl.-!,9'-biacridylidene (DBA)
Wavenumbers
(cm”H
j Assignment
1585, 1455 | skeletal vibration of C-C stretch in ring of 
I 1,2-disubstituted benzene
1340 j C-N stretch of aromatic tertiary amines
1105 j in plane bending of C-H bonds of a 
j 1,2-disubstituted benzene
750 i out of plane bending of ring C-H bonds of a 
j 1,2-disubstituted benzene
a) Major peaks are peaks with less than 60% transmittance
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vibrational modes (Table XVIII). The mass spectrum of DBA shows a
parent ion peak at 386.3 amu - the molecular weight of DBA. A
doubly-charged ion appears at 193.1 amu and is typical of this class 
123
of compounds. The mass spectrum is shown in Figure 21 and the 
assignment is summarized in Table XIX.
To evaluate the purity of DBA synthesized by the above method, 
130 ng of DBA was injected onto a gas chromatograph having a glass 
capillary column coated with an SE-52 stationary phase. DBA eluted 
at 292°C after 51.74 minutes. An injection of 280 ng of DBA onto the 
same column gave a peak of 2.15 times the area confirming this 
assignment (Figure 22). Figure 23 shows the chromatogram of DBA 
superimposed on the chromatogram of NMA. There are two noteworthy 
features about Figure 23. The first is that no other peak appears in 
the DBA chromatogram. Since the threshold area was selected as 300 
area counts, DBA is isolated in at least 96% purity. The second is 
that DBA synthesized and purified in the manner outlined above has no 
unreacted NMA.
NMA and DBA can easily be separated by thin layer 
chromatography. NMA has an r.f. of 0.36 and DBA has an r.f. of 0.69 
on silica gel when 9:1 benzene'.acetone (v:v) is used as the eluting 
solvent.
The most interesting characterization of DBA was by NMR. The 
proton spectra is assigned in Figures 24 and 25. Table XX shows the 
results of decoupling experiments used to verify the assignments of 
the proton spectrum of DBA.
FIGURE 21
MASS SPECTRA OF DBA 
Mass range: 44.0 to 446.3
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Table XIX. Assignment of the Mass Spectra of
10,10'-Dimethyl-9.,9'-biacridylidene XDBAl
m/e
-------- -------------------------------f c f j M M V W W * ----------------------------- I f A M k l  J - M J i . A V . W U ------WJMUUL
* Q
I Formula 
I
386.3 I C28H22N2+‘
371.2 ! C27H19N2+
353.2 | c28h17+*
281.1 | C21H15N+‘
209.0 | C19H13N2+‘
208.1 | ClltH,2N2+-
I ++ b
193.1 I c2Sh22n2"
177.1 ! C1«H9+
163.1 I C13H7+*
73.0 I
a) A positive charge indicates loss of one 
electron, i.e. NR^ > NR^ + e*.
b) doubly charged ion.
FIGURE 22
DBA
130 ng INJECTED 
RETENTION TIME 51.74 min.
ELUTION TEMP. 292 C
RECORDER RESPONSE 3389 area counts
MINIMUM AREA 300 area counts
200 290
TEMPERATURE (DEG. C)
DBA
280 ng INJECTED 
RETENTION TIME 51.74 min.
ELUTION TEMP. 292 C
RECORDER RESPONSE 7302 area counts
MINIMUM AREA 300 area counts
290
TEMPERATURE (DEG. C)
n
300
FIGURE 23
DBA
280 ng INJECTED 
RETENTION TIME 51.74 min.
ELUTION TEMP. 292 C
RECORDER RESPONSE 7302 area counts
MINIMUM AREA 300 area counts
DBA
200 290
TEMPERATURE (DEG. C)
300
NMA NMA
180 ng INJECTED 
RETENTION TIME 31.20 min.
ELUTION TEMP. 215 C
RECORDER RESPONSE 7389 area counts
MINIMUM AREA 300 area counts
200 290
TEMPERATURE (DEG. C)
300
FIGURE 7h
H-NMR
I O , I O ' _ D I M E T H Y L  -  9 , 9#_ Bl A C R I D Y L I D E N E  ( D B A )
C H 3 
4 0 0  Scans
Solvent: CDCL ( 1 0 0 % )  
Saturated Solution 
2 0 0  m Hz Spectra 
Reference: TMS
CDCI
o
I ' I 1 I r I ' I 1 I ' I ' I I
8 .0  7 . 0  6 . 0  5.0 4 . 0  3 .0  2 .0  1.0 O S  (TMS)
H,
7:0 6.9 6.8 6.7 6.6
CDCI
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FIGURE 25
H-NMR
10,10' " DIMETHYL - 9 , 9 ' -  BIACRIDYLIDENE (DBA) 
Aromatic Region
4 0 0  Scans
Solvent: CDCI3 (100% )
Saturated Solution 
2 0 0 mHz Spectra 
Reference: TMS
INSET: EXPANDED SPECTRA OF DBA 
256 Scans
Spectra taken using different bottle 
of CDCI3 (9 8 % )
& 0  5^5 S(TM S) 8
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Table XX. Summary of Proton Decoupling Experiments to Assign H-NMR 
__________Spectrum of. 10,10'-Dimethyl-9_,91 -biacridvlidene (DBA)
Decoupler i 
Frequency | 
(ppm) J
......  1 .
Resulting multiDlicities for Deaks indicated3
a(7.03)b b(6.72) cc(7.I8)b d(6.47)b e(3.00)
1
off |
I
d t t d s
a(7.03) 1 
|
- t d d s
b(6.72) I
t
d - d s s
c(7.18) | 
|
s d - d s
d(6.47) I 
I
d d t - s
d = doublet; s = singlet; t = triplet; -- = no signal
a) Numbers in parenthesis are chemical shifts, ppm (TMS).
b) Hyperfine splitting of these signals is due to meta, para, long 
range and W-coupling with other protons.
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13Table XXI. Summary of Proton Decoupled C-NMR Spectra of 
___________10-* 101 -Dimethyl-■9p.9,_-biacridvlidene (DBA)a
CH3
I
Carbon i 
Number j 
I
1
Observed Chemical | 
Shift | 
1
Calculated Chemical 
Shiftb
I
1 I >
1
143 I 
1
146
I
2 I
i
111 | 
|
116
1
3 1
I
127 I
I
127
1
4 1 1
120 | 
I 1191
5 1
i
128 | 
I
128
i
6 1 
i
129 { i
132
1
7 1
i
125 I 
i
123°
i
8 I
..... 1
33 I
_l.
33
a) Reference: TMS = 0.
b) Calculated by formulas given in reference 123.
c) Approximate range of olefinic carbon is 100-140 ppm.
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13To confirm the proton spectrum, a C-NMR spectrum was acquired.
After investigating several pulse delay times, a spectrum of good
resolution was obtained in 5680 scans when a 10-second pulse delay
13was used. In Table XXI the proton decoupled C-NMR spectrum of DBA 
is summarized and the value of the observed chemical shift is 
compared to a calculated value.
A detailed spectroscopic characterization of DBA was heretofore 
lacking. The above characterization provides evidence that the 
isolated extract is DBA and that it is at least 94% pure.
5.2 REAGENTS AND MATERIALS
A) 10-Methyl-9(10H)-acridone, (NMA) [CAS 719-54-0], was obtained 
from Aldrich Chemical Company (19,250-3) and was used without 
further treatment.
B) Zinc dust used in the synthesis of DBA was obtained from Aldrich 
Chemical Company (20,998-8), was washed with deionized water, 
ethanol, methanol and methylene chloride and was dried under 
vacuum for thirty-six hours before use. Any subsequent handling 
of the activated zinc was performed in an argon-purged 
disposable glove box. Under these conditions, the zinc remained 
activated for forty-eight hours.
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C) Dioxane solvent was obtained as technical grade from J.T. Baker 
and distilled under vacuum and impurities removed by their 
reaction with sodium amalgam.
D) Titanium tetrachloride was obtained from Fischer Scientific 
(Purified, T-308) and was used without further treatment.
Aliquots of TiCljj were transferred by means of a glass syringe.
E) All other solvents used in this work were purchased from MCB 
Reagents (reagent grade) and were distilled and impurities 
removed by their reaction with calcium hydride before use. This 
treatment was particularly critical when the methylene chloride 
used in the polymer casting solution was distilled. Figure 26 
illustrates the purity of methylene chloride after this 
distillation.
F) The silicone polycarbonate copolymer, MEM 213, was purchased 
from General Electric Co., Membrane Products, Schenectady, N.Y., 
and was used without further treatment.
G) Teflon was used to coat the casting cylinders and prevented MEM 
213 from binding to the glass. A high grade, adhesive-backed 
FEP Teflon from Cole-Parmer (6804-20) was used without further 
treatment.
H) All specialty glassware used in the casting process and the 
exposure manifold was fabricated by the L.S.U. glass blower.
I) All gases used were Matheson gases with the exception of house air.
J) All gas regulators were Matheson brass double stage regulators
except those used for nitrogen dioxide and sulfur dioxide
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exposures. A Matheson 3800 stainless steel double stage 
regulator was employed to regulate these corrosive gases.
K) Bearing flowmeters having capacities from 63 ml/min to 18250 
ml/min were obtained from F & P Company and calibrated for 
oxygen, nitrogen, humid air, dry air, 100 ppm nitrogen dioxide 
in nitrogen and 109 ppm sulfur dioxide in nitrogen. The results 
of these calibrations are discussed more fully in Section 4.5.
L) The ozone source employed a quartz tube parallel to a mercury 
arc pen ray lamp (Oriel Corp., Model C-73-16) for oxygen 
photolysis.
M) The Dasibi Environmental Corporation Ozone Photometer, Model 
1008-AH, was used to measure the partial pressure of ozone in 
the photolyzed air stream. This photometer was calibrated 
internally each week by checking flowrates of the pump and 
source intensity. For external calibration, the calibrated 
sleeve was removed to expose a known and reproducible fraction 
of the mercury arc lamp. The concentration of the ozone 
generated in this configuration was recorded at the onset of 
this work and recorded weekly to insure minimum drift and 
maximum reproducibility.
N) A Carey 14 Spectrophometer was used to record DBA, NMA and 
solvent reference spectra. A Beckman DB Spectrophotometer was 
used to record initial and final absorbances for exposure 
experiments. Figure 27 shows the ability of a Beckman 
spectrophotometer to resolve DBA and NMA. Figure 28 shows the
NMA spectrum overlapping the DBA spectrum were recorded using a 
Cary 14 spectrophotometer. For all practical purposes, NMA and 
DBA are sufficiently well resolved to allow the disappearance of 
DBA to be monitored at 4300 8 by means of either spectro­
photometer. Table XXII compares the absorbance of twenty-one 
individual badges using a Cary 14 with the absorbance using a 
Beckman DB. Since the absorbances are similar, the Cary 14 and 
Beckman DB spectrophotometers can be used to resolve and 
quantitate absorbances.
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FIGURE 26
SOLVENT BLANK 
Methylene Chloride distilled from Calcium Hydride 
Reference: Air 
5.00 cm cell 
Balance Adjust to Zero at 6000A
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FIGURE 27
1 0 , 10 / - D i m e t h y l - 9 ,9 / -b iacr idy l id ene  (DBA)  
1 .6 9  x 10  5 Molar  
1 0 - M e t h y l - 9 ( 1 0 H ) - a c r i d o n e  (NMA)
2 .5 1  x 10‘ 5 Molar
1 0 0
8 0 -
8 0 -
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I \ I
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FIGURE 28
10,10^-Dimethyl-9,^-biacridylidene (DBA) 
2.59 x 10 "5 Molar 
1OHMethy l-9 ( 10H)-acrk3on© (NMA) 
4.30 x 10 ~5 Molar 
Solvent: Methylene Chloride 
Reference: Methylene Chloride 
1.000 cm cell
3400 3600 3800 4000 4200 4400
WAVELENGTH (A)
4600
I
4800 5000
118
Table XXII. Comparison Between Individual Badge Absorbances Measured 
___________ on a Carey 14 and Beckman DB Spectrophotometer_________
1
1
Film i 
1 
I
Initial 
Absorbance (4300 A) 
Carey 14
Initial 
Absorbance (4300 A) 
Beckman DB
1
1 ii
0.415 0.432
1
2 1 0.480 0.482
1
3 1
i
0.508 0.501
i
4 1
I
0.520 0.518
i
5 i
i
0.535 0.537
i
6 1 
!
0.542 0.540
I
7 1i
0.545 0.540
l
8 \ 
i
0.520 0.520
1
9 1l .0.513
0.519
10 | 0.478 0.460
11 i 0.488 0.460
12 i 
■
0.552 0.540
13 I 0.546 0.533
14 | 0.529 0.538
15 i
I
0.512 0.521
16 { 
i
0.500 0.519
17 Ii
0.483 0.490
1
18 | 
■ 0.429
0.450
19 ii
0.487 0.480
1
20 | 
i
0.510 0.520
1
21 I
! ..
0.498 0.500
Average
Absorbance 0.504 ± 0.027 0.505 ± 0.028
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5.3 METHODS
5.3.1 Evaluation of film thickness
A Starrett Model T230RL 0.0001-inch micrometer was used for 
routine measurement of film thickness. The micrometer was calibrated 
using films of known thickness and using films whose thicknesses were 
calculated from infrared interference fringes. A more thorough 
discussion of this technique was presented in Section 4.3.
5.3.2 Storage of film badges
The film badges were used within one day of casting to minimize 
air oxidation of the reagent. However, a casting solution (DBA, MEM 
213 and methylene chloride) and the impregnated polymer can be stored 
up to 320 hours when covered with foil and placed in an argon purged 
dessicator (Figure 29).
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FIGURE 29
STAB IL ITY  OF DBA IMPREGNATED POLYMER FILMS STORED  
IN A FOIL ENCLOSED DE SSICATOR UNDER ARGON PURGE
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0 . 5 - 8 9  h o u rs  s t o r a g e
# 3 1 9  h o urs  s t o r a g e0 . 4 -
0 . 3 -
0 .2-
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WAV EL EN GTH (A)
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5.3.3 Generation of ozone
Ozone was generated by photolysis of air or oxygen using a 
mercury arc pen ray lamp. The concentration of ozone could be varied 
by retracting a calibrated sleeve thereby exposing more of the 
mercury arc lamp to the air or oxygen stream. Photolysis of air, 
flowing at 12 1/min, provided ozone concentrations from 0.036 ppm to 
0.175 ppm. Photolysis of oxygen provided ozone concentrations from 
0.175 ppm to 2.50 ppm. The flowrate was kept constant at 12 1/min 
during these experiments unless otherwise indicated. Concentrations 
from 0.200 ppm to 30.0 ppm of ozone could be generated from air 
photolysis by increasing the size of the photolysis chamber. High 
concentrations of ozone from humid air were generated in this manner.
5.3.4 Humidity measurements
Two relative humidities were used in this work - 18% and 48%.
The lower humidity was generated by passing oxygen, or house air, 
over indicating silica gel. The higher humidity could be obtained by 
using house air directly. The humidity was periodically monitored by 
reading the difference between a wet-bulb and a dry-bulb thermometer.
122
The difference can be used to obtain the relative humidity directly
124
from a psychrometric chart.
5.3.5 Temperature measurements
The temperature of the ozonized air stream and the exposure 
manifold was varied by placing a 5.0 cm O.D. glass exposure manifold 
and a connected 8-foot length of 0.5 cm O.D. stainless steel tubing 
in a Sargent Thermonitor Model constant temperature bath. For the 
0°C temperature, the Thermonitor was turned off and the bath was 
filled with ice water. The submerged tubing and chamber were allowed 
to thermally equilibrate with the bath for two hours before exposure 
experiments. Temperature measurements of the exposure manifold were 
made by positioning a thermometer through one of the rubber stoppers 
covering the manifold (Figure 15). Temperature differences between 
the flowing air stream and the constant temperature bath were as much 
as 5 to 7 °C. This difference probably results from the use of a 
high flowrate (12000 ml/min) that lead to an insufficient residence 
time of a volume of air in the tubing.
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5.3.6 Flowrate measurements
Flowrates were monitored continuously by bearing flowmeters 
positioned downstream of the exposure manifold. Air containing ozone 
was regulated at the inlet of the exposure chamber, and the flowrate 
was measured at the outlet (see Figure 15). Measurements of the 
flows from standard gas cylinders and from nitrogen gas were made 
before mixing. After mixing, subsequent measurement of the total 
flow (standard gas plus dilutant gas) was made downstream of the 
exposure chamber (see Figure 19). Each bearing flowmeter was 
calibrated for 100 ppm nitrogen dioxide in nitrogen, 1 0 9 ppm sulfur 
dioxide in nitrogen, nitrogen, oxygen, humid air and dry air by a 
bubble flowmeter.
5.3.7 Kinetic measurements
Stopped-flow kinetics were carried out with a Hi-tech
stopped-flow spectrophotometer (Model SF-3L) interfaced to an On-Line
125Instrument Systems Model 3820 Data System. The mixing 
chamber/flow-observation cell (2-mm light path) has a combined 
mixing/dead time of less than 6 ms. Experiments were conducted in a
124
water constant temperature bath in which the temperature was held 
constant at 25.0 ± 0.5°C. All reactions were followed by measuring 
the absorption at 425 nm to monitor the disappearance of DBA. The
ratio of ozone to DBA was at least 100.
The raw data from three experiments were averaged to obtain a
single measurement from which a pseudo-first-order rate constant was 
determined by exponential fitting. Logarithmic plots of these data 
were linear throughout most of the course of the reaction and had 
slopes similar to those obtained via exponential fitting. From the 
pseudo-first-order rate constants, k*, the second-order rate constant 
was calculated by means of equation 31.
k* = kEozone] (31)
5.3*8 Spectral Acquisition
To obtain GCMS spectra, a Hewlett Packard 5985 GCMS in which on 
column injection and a capillary column (0.03 mm I.D.) coated with an 
SE-52 stationary phase was used. The 5985 GCMS is interfaced to a an 
on-line integrating data system and has a scan time of 1.5 seconds 
for a mass range of 40 to 450 amu. Temperature programming from 50°C 
to 300°C at 4°C/min was used to obtain optimum separation.
To obtain gas chromatograms of DBA and NMA, a Hewlett
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Packard 5711 capillary column gas chromatograph interfaced to an 
On-Line Hewlett Packard 3354 Laboratory Data System was used. The GC 
column, which utilizes an SE-52 stationary phase and a flame 
ionization detector, effects an optimum separation when programmed 
from 50°C to 300°C at 4°C/min.
Other spectral acquisitions included NMR, infrared and visible 
spectra. All NMR spectra were recorded on a Bruker 200 mHz 
multinuclear NMR with an Aspect 2000 on-line data system for data 
treatment. Infrared spectra were recorded on a high resolution
_i
Beckman IR-9 spectrophotometer operated at a scan rate of 100 cm 
per minute.
Visible spectra were recorded with either a Beckman DB recording
spectrophotometer operating at 430 nm or a Cary 14 recording
spectrophotometer by scanning from 6000S to 3000S. For the purposes
of this work, the resolution of DBA from NMA is sufficient on either
spectrophotometer. Furthermore, the molar absorption coefficient
-1 -1calculated from the Beckman spectra was 11070 M cm (Figure 27),
-1 -1while a value of 10430 M cm was calculated from the Cary 14 
spectra (Figure 28).
The vertical ionization potential of DBA was measured from the 
mass spectral appearance potential after heating DBA to 300°C.^ The 
interpretations of the PES spectra are discussed more fully in 
Section 3.2.
RESULTS AND DISCUSSION
6.1 RESPONSE OF THE DEVICE
85According to Rubin's mathematical model, the response of the 
device can be predicted by two equations:
1 /?
R(T) = (2SPoDTNq)
R(T) = [2SDN (T P(T)dT]1/2
0 0J
According to equation 15, a graph of R(T) as a function of
1/P 1/?
(N P T) should be linear and have a slope of (2SD). . Ao o b
1/2subscript b is included on (2SD) because experiments show this 
quantity varies linearly with membrane thickness (see Section 6.9).
Twenty-six independent exposures ranging in ozone concentration 
from 0.036 ppm to 1.29 ppm were run from 15 to 400 minutes. As 
predicted by the model, the response of the device (R(T)) is linear 
with the square root of time (T) for a constant ozone concentration
(Figure 30 and Table XXII). Furthermore, the slope of the graph of
1/2 1/2
R(T) versus T varies linearly with PQ for a constant
thickness. From this data, it is evident that an exposure of 0.1 ppm 
for 30 minutes gives the same response as does an exposure of 0.2 ppm 
for 15 minutes. Since the time or concentration factor of the dose 
may be varied independently, The requirements for a working dosimeter 
are satisfied.
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FIGURE 30
SUMMARY OF EXPOSURE DATA 
SLOPE (2SD)£  5: 7 . 8 8 ±  0 . 3 7  x 1 0 " 4 
MEMBRANE THICKNESS (b): 3 6 . 5 ± 1 . 3  x 1 0 ' 4 cm 
FLOWRATE: 1 2 0 0 0 ±  1 7 0  ml m i n ' 1 
TEMPER A T U R E : 2 6 ° C ± 3 ° C
20 - A ( lower  l imit of  method under above condit ions) :  0 . 6 3  ppm-min  
B (upper l imit of method under above condit ions) :  4 2  ppm-min18-
16-
12-
10 -
8 -
6 8 10 12 14  16 18 2 0  22  2 4  26  28  3 0  3 2  342 4
0.5 6
(N0TP0) x 10
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Table XXIII. Summary of Exposure Jataa____________________________
RCT) x 109 | P x 106 (atm) | T(min) I (N„TP )1/2 x 106
°  I . 0 0
0.43 I 0.504 | 1.00 | 2.09
I I !
0.52 | 0.165 I 5.00 | 2.78
I I I
0.75 I 0.083 I 15.0 i 3.25
I I I
1.03 I 0.057 I 30.0 | 3.31
I I I
1.03 I 0.037 I 30.0 | 3.23
I I I
1.37 I 0.504 j 3.00 | 3.71
I I I
1.40 | 0.310 [ 5.00 i 3.85
! I i
1.55 i 0.083 I 30.0 | 4.55
i I I
1.75 I 0.057 I 50.0 I 4.38
! i I
1.75 i 0.037 I 60.0 | 4.49
I I I
1.80 | 0.165 I 15.0 | 4.79
2.03 I 0.504 | 5.00 | 4.84
i I I
2.66 | 0.504 | 8.00 | 5.89
! I I
2.69 i 0.705 I 5.00 i 5.63
I ! I
2.86 j 0.037 I 121.0 | 6.36
! I I
2.89 I 0.057 I 75.0 I 5.21
I I I
3.24 | 0.310 ! 15.0 | 6.68
3.55 I 0.504 | 10.0 | 6.89
4.12 | 0.037 I 180.0 | 7.62
I I I
4.21 | 0.705 I 10.0 | 7.79
I I I
4.27 I 0.057 I 150.0 | 7.47
4.87 I 0.504 15.0 I 8.45
5.13 I 0.165 I 45.0 | 8.40
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(Table XXIII continued)
Qb I
R(T) x 10 | 
I
PQ x 10^  (atm) T(min) ! (N TP )1/2 x 106° ■ 0 0
I
5.90 |
I
0.310 30.0
1
I 9.47 
|
6.13 I
i
0.705 15.0 1 9.74
I
6.27 1
I
0.037 300.0 I 10.0 
j
6.36 |
I
0.165 75.0 I 10.6
j
6.56 | 0.057 300.0 I 10.4
7.70 1
I
0.310 45.0 I 11.4
8.10 !
j 0.057
400.0 I 12.4
8.45 I
I
0.504 30.0 ! 12.1
8.50 | 
1
1.00 15.0 I 12.8
i
9.14 | 
1
0.705 30.0 I 13.6
j
10.3 i 1
0.504 45.0 I 14.8
10.7 I 1
0.310 75.0 i 15.3
11.5 I 1
0.705 45.0 I 16.8 
i
11.7 I 1
0.504 60.0 I 17.0
I
12.4 |
I
1.00 30.0 I 18.1
13.0 | 
1
0.104 461.0 I 19.0
13.8 |
I
0.310 157.0 ! 19.4
14.4 | 
j
0.165 300.0 I 21.4 
j
14.8 | 0.310 150.0 I 21.2
15.0 | 
1
1.00 45.0 I 22.2
16.6 | 
1
1.00 60.0 I 25.6
16.9 I |
0.310 300.0 I 29.8
17.2 I 
I
0.504 192.0 I 27.4 
I
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(Table XXIII continued)
9b 1 R(T) x 10y I
I
PQ x 10b (atm) T(min) i (N TP )1/2 x 106°. O 0
I
17.7 I
I
0.504 240.0
I
I 31.1 1
18.1 | 
I
0.310 i 367.0 i 33.9 
I
a) The variables are related by the equation r(t ) = (2SDNoPqT)1/2
The slope of a graph of R(T) versus (N P T ) ^ 2 is (2SD)J^2
O O D
which was experimentally determined to be
7.88 ± 0.37 x 10-
moles x cnr
cm x atm x min 
-4
1/2
for a thickness of 36.5 ± 1.3 x 10 cm.
1/2The graph of R(T) versus (NoPqT) has a y-intercept of 
-4 -2-1.70 ± 0.08 x 10 moles cm , which arises from preozonolysis 
(see Section 5.2) of the device.
_2
b) Dimensions of R(T) are moles cm .
1/2 -3 1/2c) Dimensions of (N TP ) are (moles min atm cm )o o
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Since there are many examples of non-Fickian diffusion processes
in which the permeability (SD) varies with the concentration of 
127diffusant, this relationship was investigated. The summary 
presented in Table XXIV shows that for a constant membrane thickness, 
the permeability of ozone in MEM 213 is not a function of the ozone 
concentration.
6.2 THE LOWER LIMIT OF THE METHOD
There two factors, instrumental and diffusional, that determine
the lower limit of this method. The instrumental factor limiting the
method is the smallest absorbance difference, AA, which can be
considered a positive response. The smallest value of the absorbance
128difference so considered was 0.005.
The diffusional limit of this method can be evaluated within the 
framework of the first five of the following seven processes:
1) adsorption of the diffusant gas onto the polymer 
surface,127-129
2) condensation of the diffusant gas in order to become soluble
127 129and diffuse through the membrane, ’
3) interfacial resistance to diffusion at the air/polymer 
interface,130’131
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Table XXIV. Dependence of Permeability on Ozone Concentration
Ozone
Concentration
I I
i Source.of | 
(ppm) j Ozone i 
I I
r,c
(SD)b x 10'
0.037
i I 
I humid air I
i i
3.01
0.057
i i 
I dry air 1
i i
2.97
0.083
i l 
I humid air j 2.49
0.104
i i
I humid air 1 
1 1
3.58
0.165
1 1 
I dry air !
I i
3.96
0.310
i I 
i dry oxygen I
l i
3.12
0.504
1 1
i humid air I
i i
3.18
0.705
i i 
I dry oxygen I
l i
3.20
1.00
i i 
I dry oxygen j
l j
2.55
1.29
i i 
i humid air I 
.. . L . ... 1. .
3.12
a) For each ozone concentration, triplicate analysis was 
performed for seven different times ranging from
15 to 400 minutes.
b) Humid air was measured by wet-bulb/dry-bulb temperature 
difference to be 48% relative humidity, while dry air 
(measured identically) was 18%.
c) The average value of SD is
2„ moles x cm
3.12 ± 0.29 x 10"' ------ =-----
min x cm x atm
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4) membrane swelling by the gas, especially in the first few
127monolayers which swell more than the bulk,
5) equilibrium diffusion of gas through the membrane,
6) interfacial resistance encountered at the polymer/air 
interface and
7) evaporation of diffusant gas to return to the air stream.
Because preequilibrium diffusional processes (1-4) exist, some
anomalies are expected in the initial stages of any process that is
diffusion dependent. Since DBA is homogeneously distributed in MEM
213, reagent is present in the first few monolayers and at the
142surface as well as in the bulk polymer. In light of the above 
discussion, preequilibrium diffusional processes would limit the 
initial rate of ozone permeation. Once equilibrium diffusion is 
established, the rate of DBA depletion by ozone would be diffusion 
controlled.
To remove the appearance of preequilibrium diffusion anomalies
1/2from the graphs of R(T) versus (NqT) , each film was ozonized 
before use by exposure to 0.077 ppm ozone for 40 minutes. The 
inflection present in Figure 31 (see also data in Table XXV) is 
typical of an exposure experiment without preozonolysis. Figure 32 
(see also data in Table XXVI) shows the same experiment, but with 
preozonolysis. The data points in Figure 31, plotted as squares,
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FIGURE 31
EXPOSURE 
0 . 0 5 7  PPM OZONE
20
18
16-
14-
12O
x 10 -
P
EC 8 -
6-
4-
706 0503 020 4 010
(NoT)° 5 x 103
0 . 5  3
( N O .  OF I N I T I A L  S I T E S  X E X P O S U R E  T I M E )  x 1 0
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Table XXV. Result of Exposure to 0.057 ± 0.002 ppm Ozone3 without
£r.e_Qzmoly£j^
AA
(uncorrected)
I I
j t j 
i(minutes)|R(T)\ 10^  
i I
|
E[R(T)JC (NqT)1/2x
I
103d|E[(NoT)1/2]C
0
I I 
i 0 |
I I
0 0 0
I
I o 
1
.007 I 5.00 | 
j i
0.6 30 7.00 1 2.3
.011 I 10.0 |
I I
0.9 12 9.73 j 1.6
j
.014 i 15.0 |
j 1
1.2 14 12.0 I 0.9 
1
.018 ! 30.0 | 
I 1
1.6 19 16.4 I 2.1 
1
.020 1 30.0 | 
1 1
1.7 2.2 16.5
i
I 1.0
i
.023 1 45.0 |
1 J
2.0 6 20.6
1
I 1.2 
1
.029 i 60.0 | i i
2.5 7 23.6 I 2.1j
.038 i 75.0 | 
1 1
2.8 6 26.7 I 0.6
j
.038 i 75.0 i 
I 1
2.8 8 25.8 I 0.9
.060 i 120.0 |
I |
4.4 7 32.7 I 2.3 
|
.068 I 157.0 |
I j
5.6 3.5 37.7 I 1.1
.080 i 225.0 | 7.2 4.9 44.4
I
i 2.6 
j
.111 I 300.0 |
j j
9.0 2.0 51.1 I 0.42 
i
.131 I 400.0 j 
I I
11.2 0.8 60.9 I 2.4
I
a) Source of ozone is dry air (18% relative humidity). Each reading
is an average of triplicate analysis.
-2b) Dimensions of R(T) are moles cm .
c) The percent relative deviation for each value was calculated from 
three independent films for each time, T.
1/2 -3 1/2d) Dimensions of (NT) are (moles cm min)o
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iTakleJCXy. e m U nuedl
-4The average film thickness for this run was 37.1 ± 1.5 x 10 cm
The sample correlation coefficient, r, for all the data is .980 
(r = -1 to +1).
1/2
The value of (280)^ of the preinflection data is
2 „ 1/2
4.66 ± 0.40 x 10-4
moles x cm
min x cm x atm
The sample correlation coefficient, r, for the preinflection data 
is .9969 (r = -1 to +1).
1/2The value of (2SD>k for the postinflection data is
7.70 ± 0.40 x 10-4
moles x cm
- min x cm x atm
1/2
The sample correlation coefficient, r, for the postinflection data 
is 1.000 (r = -1 to +1).
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FIGURE 32  
EXPOSURE 
0 . 0 5 7  PPM OZONE
20-
18-
16-
14-
12-
10-
8-
6-
4 -
2 -
i LflL
60 704 0 5020 3010
g ., _  *0.5 . * 3(N J) x 10
0 . 5  3
( N O .  OF I N I T I A L  S I T E S  x E X P O S U R E  T I M E )  x 1 0
Table XXVI. Result of Exposure to 0.057 ± 0.002 ppm Ozoge 
Preozonolvsis with 0.077 oom for 40. minutes
138
after
AA
(uncorrected)
T
(minutes) cR(T) x
g 1
10y| ECR(T) 1
___!
d!(N T)1/2x 103G 
1
E[(NQT)1/2]d
0b 0 0
1
1 o 1
!
1 ot
0
0b
.001b
1.00
3.00
0
.008
1
! o 
1
1 17
I 1.82 
I
I 4.21 
1
0.85
0.72
.001b 10.0 .008
|
i 8.3 1 7.85 1.1
.003 20.0 .03
|
I 11 I 11.1 
i
1.2
.012 30.0 1.0
j
i 5.6 I 13.9
j
0.48
.020 50.0 1.8
j
I 5.5 I 18.4 
1
0.95
.034 75.0 2.9
|
I 9.2 
1
1 21.9 2.7
.050 150.0 4.3 1 0.90 I 31.4 0.37
.076 300.0 6.6
j
! 2.3 
1
I 43.6 
j
0.21
.094 
........... .
400.0
.......
8.1 I 0.94
. 1
i 52.2 
.1...... ....... .....
0.40
a) Source of ozone: dry air (18% relative humidity)
PQ = 5.7 x 10“8 atm 
M = 1.86 ± 0.05 x 10“7 
(2SD)1/2 = 7.70 x 10"4
C = -1.45 ±0.16 x 10“9 
r = .998
b) 0-10 minute exposures not used in statistical treatment of data.
-2c) Dimensions of R(T) are moles cm .
d) The percent relative deviation for each value was calculated from 
three independent films for each time, T.
1/2 3 1/2e) Dimensions of (N T) are (moles cm min)o
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probably result from preequilibrium diffusion, while the data points
plotted as circles result from equilibrium diffusion.
In Figure 32 (see also data in Table XXVI), the inflection
present in Figure 31 has been removed. Furthermore, the slope of the
graph in Figure 32 is comparable to the postinflection slope in
Figure 31 which is approximately 1.8 times that of the preinflection
slope. Table XXVII shows the consistency of this relationship for a
number of exposure experiments using different ozone concentrations.
It is also noteworthy that the position of the inflection is
humidity independent and seems to occur at a value predicted by
p t1/2 _ 0 , 4 5 0 ± o.047 x 10“ 6 atm x min1 / 2 (see Table XXVIII). The o
1/2dependence of the position of the inflection on T indicates that
some diffusion related process may be responsible for the
preinflection behavior in Figure 31.
Preozonolysis would deplete reagent in the first few monolayers
of polymer. Once the first few monolayers of polymer are devoid of
trapping sites, a later exposure of this polymer film to ozone would
require several minutes for ozone to diffuse through the first
monolayers to the first layer containing reagent. This preozonolysis
-9 -2gives rise to the y-intercept of -1 . 7 0 x 10 moles cm observed in
Figure 30. Hence, all data collected using preozonized films are
corrected for this y-intercept. This is most easily accomplished by 
-9 -2adding 1 . 7 0 x 1 0 moles cm to each experimentally observed value
o
of R(T) or, since r(x) = AA(8.59 x  10“ ), adding 0.020 to each
140
observed value ofAA. Unless otherwise stated, all values of AA in 
this work are corrected for preozonolysis and indicated by the symbol
>A •corr
6.3 THE UPPER LIMIT OF THE METHOD
Two factors were found to determine the upper limit of the 
method:
1) exposure to less than 1.3 ppm ozone for sufficient times to 
deplete 46% of the initial amount of DBA, or
2) exposure to more than 1.3 ppm ozone for any time period.
The explanations and evidence for these phenomena will be discussed 
in Sections 6.3.1 and 6.3.2.
6.3.1 Exposure to low concentrations of ozone for long times
An exposure of 0.310 ppm ozone is shown in Table XXIX and Figure 
33. Initially, the response of the device is typical of that 
encountered in previous exposures. However, after 150 minutes, there 
was no further depletion of reagent (as measured by AA or R(T); see 
Table XXX). In a subsequent experiment using 0.165 ppm ozone, the
141
Table XXVII. Preinflection and Postinflection Slopes of the 
____________ Response Curves for Several Exposures________
2Ozone
Concentration
(ppm)
| Source
1 of a I Ozone
!
(2SD)^/2 x 104
moles x cm 1/ c.
L min x cm x atm J
i
1
1
1
preinflection
value13
! postinflection 
j value0
0.104
1
I humid 
j air
i
4.27
I
I 8.46
I
1
0.080
1
I humid 
j air
i
4.46 i 6.90
1
I
0.057
i
|dry air
i
4.66 1 7.70
0.059
i
I humid 
j air
i
4.01 I 6.82
I
1
0.037
i
|dry air 
1
4.05 1 7.76
1.... .... . ..
a) Humid air was 48% relative humidity, while dry air was 18% 
relative humidity.
1 /2b) The average value^of (2SD), from preinflection data is 
4.29 ± 0.22 x 10 . D
1 /2c) The average value ofa(2SD)h from postinflection data 
is 7.53 ± 0.50 x 10 . D
The thickness of^the badge used in these experiments was 
36.5 ± 1.3 x 10“ cm.
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Table XXVIII. Position of the Inflection as a Function of Humidity
1/2
______________andJPpT__________________________________________
Ozone
Concentration
Source of 
Ozone3
P T1/2 
° 1/p b
(atm x min x 10 )
0.102 humid air 0.391
0.059 humid air 0.425
0.057 dry air 0.487
0.080 dry air 0.438
0.504 humid air 0.552
0.037 dry air 0.405
a) Humid air was 48% relative humidity, while dry air was 18% 
relative humidity.
b) The position of the inflection, PQT ^ ^  = 0.450 ± 0.047 x 10“ ,^ 
is humidity independent.
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FIGURE 33
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EXPOSURE  
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1 5
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3 -
20 3 0 4 0 5 0
0 . 5  3
(N eT) x 10
0 . 5  3
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4=UJ
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Table.. XXIX. _ Results of Exposure ._to 0.310 ± 0.005 ppm .Ozone .
A A. | T 
(uncorrected)|(minutes)
.......  1
R(T)bx 109
S' w * | w
1
!E[R(T)]C (NqT)1/2x 103 iEC(N T)1/2]c
i 0.
0.016
I
I 5.0 
|
1.4 I 6.8 6.91
1
1 0.97 |
0.038 I 15.0 
1
3.2 I 4.1 12.0 I 1.2
0.069 I 30.0
I
5.9 i 6.2 17.0 I 0.59 
1
0.090 i 45.0
I
7.7 I 0.99 20.5 1 0.67
j
0.125 1 75.0 
1
10.7 I 2.7 27.4 1 0.94 
1
0.172 I 150.0
I
14.8 i 1.4 38.0 i 0.74 
1
0.196e I 300.0
t
16.8 i 2.3 53.5 I 1.6 
1
0.211e ! 367.0 
I
18.1 I 0.31 60.8 1 1.3 
I
STATISTICAL TREATMENT OF 5-150 MINUTE DATA ONLY
a) Source of ozone was photolysis of dry air (18% relative humidity).
-4Membrane thickness was 37.9 ± 2.0 x 10 cm.
_7
Partial pressure of ozone was 3.10 x 10 atm.
Slope of the line (5-150 minute data) is 4.40 ± 0.11 x 10“^ . 
(2SD)jJ/2  = 7.89 x 10"\ 
y-intercept = -1.63 ± 0.26 x 10”9.
Sample correlation, for 5-150 minute data, r (-1 to +1) = 0.9980.
Each reading is an average of a triplicate analysis.
-2b) Dimensions of R(T) are moles cm .
c) The relative deviation for each value of is calculated from three
independent films for each time, T.
4/0 i/p
d) Dimensions of (NT) are (moles cm min)o
e) These data points are plotted on Figure 33 as triangles.
Table XXX. Fraction of Reagent Depleted during an Exposure to 
___________0.310 ± 0.005 ppm Ozone3_______________________
A.l
I
I T 
I (minutes) 
I
1 1 
1 AA !
1 I 
1
O
0.431
I
I 15.0
1 1
I 0.038 | 
j
0.088
0.431 i 30.0
j
I 0.069 Ii i
0.160
0.429 I 45.0 I 0.089 i 
i j
0.209
0.421 I 75.0
i
i 0.125 II 0.297
0.455 \ 150.0 1
I 0.172 |
I j
0.378
0.423 i 300.0 i
1 0.196 | 
j j 0.463b
0.427 i 367.0 
1
| 0.211 | 
......I ........ . . .  I
0.494b
a) An upper inflection occurs at T=144 minutes making the 
upper limit of this exposure:
(0.310 ppm ozone)(144 min) = 44.6 ppm-min
(see Figure 33 for graph of this data).
A A
b) As /Aj approaches 0.46, the permeability (as
1/2measured by the value of (2SD)^ ) decreases
substantially.
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response of the device was also typical of earlier exposures until 
240 minutes had elapsed. After this time, no further depletion of 
reagent occured (Table XXXI).
In experiments in which various concentrations of ozone were
-4used, a membrane of 37 x 10 cm thickness containing 0.35% DBA by 
weight has only 46% of the reagent accessible to react with ozone 
(Tables XXX and XXXI). From these observations, the upper limit of 
the dosimeter was determined to be 42 ± 4 ppm x min. The morphology 
of polymer MEM 213 provides a reasonable explanation for the 
inaccessibility of 54% of the reagent.
Current studies of the morphology of this silicone polycarbonate
1OO 1 00
copolymer reveal two possible structures. ’ In one structure, 
there are alternating regions of crystalline polycarbonate and 
amorphous siloxane sectors. Figure 34A shows this model containing a 
homogeneous distribution of DBA. In the second structure, there are 
polycarbonate sectors which form an occassional crystalline domain 
which excludes DBA, while the remaining copolymer chain acts as a 
homogeneous polymer. Figure 34B shows this model containing a 
distribution of DBA excluded from the domain. Recall the structure 
of MEM 213 shown in section 3.1:
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r f a  i iff
CHt 
| -> oI 1
0- i
01 i i•iH
-CO 
- 
1 1 1 ----
I
— C— 0— Ph— -!— Ph— 0—
i
I
~C--0---
_ J 20
I
0Ho 3 to 5
Silicone
40 atoms 
length
Polycarbonate
48 atoms 
length
% Siloxane (v:v) = 40/88 x 100 = 45.5
The structure ratio of siloxane to polycarbonate is between 20:3 and 
11ft
20:5. A crude approximation of the volume fraction of siloxane
can be made by assuming the siloxane sector is 40 atoms long and the
polycarbonate sector is 48 atoms long. The volume fraction of
siloxane may be estimated as 40/(40 + 48) or 46%. The NMR of MEM 213
and personal coiranunications with John Tome of General Electric
11ft
confirm this approximation.
Furthermore, the relative permeability of siloxane to
134polycarbonate is 300 to 1 (nitrogen reference gas). Since the
depletion of DBA is diffusion controlled, the model shown in Figure
34A suggests a depletion of DBA from the siloxane portion first at a
rate 300 times faster than depletion of the polycarbonate bound
reagent. Therefore, asAA/A^ approaches 0.455, the slope of R(T)
1/2versus (NQT) should decrease. The model in Figure 34B suggests 
depletion of DBA at a single rate.
Table XXXI. Fraction of Reagent Depleted during an Exposure 
__________ to 0.165 ± 0.003 ppm Ozone3__________________
Ai
VV V* 1 ....
1
1 T 
j (minutes) 
1
vif-,vft«v ..
I
| AA 
!
1
AA /
A.l
0.422
1
1 5.00 
i
1
I 0.006 
j
0.014
0.422 1 15.0 
1
i 0.021 
1
0.050
0.438 I 30.0
i
1
| 0.040 0.091
0.441 1 45.0 
i
| 0.060 
1
0.136
0.381 i 75.0 i 0.074 
i
0.194
0.426 I 150.0 
■
I 0.134
I
0.315
0.400
1
i 300.0 I 0.168 
1
0.420b
0.350 I 400.0 
1
I 0.160 
I .... I
0.457b
a) An upper inflection occurs at T=240 minutes making the 
upper limit of this exposure:
(0.165 ppm ozone)(240 min) = 39.6 ppm-min
b) As^A/A.. approaches 0.46, the permeability (as
1 /2measured by the value of (2SD)^ ) decreases
substantially.
FIGURE
MODEL OF THE DISTRIBUTION OF DBA 
IN MEMBRANE 213
Homogeneous Distribution 
of DBA
Domain
DBA Excluded from Domain 
Siloxane
3 Polycarbonate 
DBA
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Experimentally only 46% of the initial concentration DBA is 
accessible, supporting the model shown in Figure 34A. If the model 
shown in 34B were correct, approximately 98% of the reagent would be 
accessible to react with ozone. If the only depletion of reagent is 
from the siloxane portion of MEM 213, then the permeability observed 
should be that of siloxane rather than a silicone polycarbonate 
copolymer.
An alternative explanation to the fraction of reagent depleted
is that such a depletion is limited by the solubility of ozone in MEM
213 and is in no way related to the membrane morphology.
For Fickian diffusion (ideal sorption), it can be shown that the
sorption of penetrant by any homogeneous medium must be proportional
to the square root of the time, provided that a steady surface
equilibrium is established immediately and that the diffusion
127coefficient (D) is a constant. That is:
where nip = the amount of penetrant absorbed in the membrane 
at time, T;
m = the amount of penetrant absorbed in the membrane 
at equilibrium;
T = time, sec;
m
4 DT~ 1/2
7f ^2 (32)
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2 -1D = the diffusion coefficient, cm sec ;
1 = the thickness of the membrane, cm.
The value ofC/nUp/C/CT^2) falls noticeably when m^/m reaches 0.50,
127and the value is zero when m^/m is equal to one.
To determine whether the solubility of ozone in MEM 213 limits
the maximum value of&A/A. to 0.46 (indicating only about half the
2.
reagent is depleted), the following experiment was conducted.
In accordance with equation 32, the sorption of ozone in 
MEM 213, HLj/m , should depend upon MEM 213 thickness, 1 (assuming 
Fickian diffusion). If the amount of reagent (A..) is increased and 
the membrane thickness is held constant, a maximum value of A A/A^ 
less than 0.46 should occur. That is, it should take a constant 
amount of ozone to adsorb on a constant amount of film until a value 
of 0.50 for nLp/m is reached, regardless of the initial concentration 
of DBA. If a three-fold increase of DBA is impregnated in the film, 
a smaller fraction of the initial amount of DBA,AA/A., should beJL
depleted. Since the fraction of reagent depleted would be limited by
the membrane sorption, m^/m , much of the DBA would remain unreacted.
-4In an exposure experiment, a film of 37.3 x 10 cm thickness con­
taining a three-fold increase of DBA concentration (average initial 
absorbance of 1.20) was exposed to 0.310 ppm ozone for 400 minutes.
In this experiment, 44$ of the membrane-bound DBA was depleted 
indicating that the ozone sorption limit of m^/m - 0.50 had not been
152
reached on exposures using less initial amount of reagent.
Therefore, in previous exposures, the limiting factor was not the 
solubility of ozone in MEM 213.
6.3.2 Exposure to high concentrations of ozone for short 
exposure times
In evaluating the upper limit of the device, it became evident
1 /2that the value of (280)^ decreased significantly when exposed to
greater than 1.25 ppm of ozone even for short exposure times (0 to 30
min). A concentration of 0.094 ppm ozone delivered over 400 minutes
would not deplete 46% of the reagent from a badge which contained
0.35% DBA by weight (A. = .450). When an identical badge was exposedn.
to the same dose (1.25 ppm ozone for 30 minutes), the response of the
1 /? - 4
device, as measured by (280)^ , decreased from 7.70 x 10 to 5.70
x 10"\ Since 46% of the reagent is not depleted from a badge of the 
above composition, exhaustive depletion of the available DBA is not 
an explanation.
Recall that an approximation is taken from a transcendental
equation (Figure 5 and equation 12). From Figure 5, it is evident
_1
that for small values of Nq SPq an appoximation can be made:
Z s (SP /2N )1/2. (13)o o
This equation was substituted into equation 11 to give equation 14,
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and the final result is shown as equation 15. Using typical values
for S (4.05 x IQ'5 moles cm~^ atnf^) and N (0.894 x 10 moleso
—3 —7cm ) from Table XV and the value P = 1 x 10 atm, the value ofo ’
SPoNo”17T"1/2 equals 0.25 x 10“  ^—  still within the limit of small
-1 -6  N SP values. However, if P^ were 1.5 x 10 atm ozone,O O ' o '
SPoNo’V " 1/2 would be 3.84 x 10”  ^-- beyond the limit of small
N ”^SP^ values. As exposures using 1.00, 1.50, 2.00, 2.50 and 3.00 o o
ppm ozone were run, the response of the device (as measured by 
1 /2(2SD>k ) decreased as shown in Table XXXII. It is noteworthy that 
this decrease parallels the decreasing first derivative of the graph
p _i/p _i
of Z versus^ SPqN0 (Figure 5). If this explanation is
-1correct, it should be possible to maintain small values for NQ SPQ
if a large concentration of initial sites, N , is used in conjunctiono
with a large ozone concentration, P . This suggests that the uppero
limit of the dosimeter can be expanded by beginning with a larger
number of initial sites, N .o
To this end, film badges containing a 2.3-fold increase in the
concentration of initial sites were exposed to 1.29 ppm ozone. Under
these conditions, a value of 1.09 x 10“  ^can be calculated for the
quantity SPoM0~Vf"^^» and this within the limit to use the
1/2approximation, Z = (SPo/2No) . The results of this exposure are
shown in Table XXXIII. The upper limit of the device under these
conditions has increased to 97 ppm x min (see Table XXXIV) from 42
1 / ?
ppm x min (see Tables XXX and XXXI). The value of (2SD)” ,
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.(2SD)1/2C
Ozone
Concentration
I Value ofc 
! SPo x 106
v -.-vu .s
(2SD)^/2
1
I First derivative of 
| Z vs SI^jp1/2
I|7T1/2
0.501
I
i 1.15 7.47
I
I .34
1.00 I 2.04 
1
6.66
i
l .25 1
1.45 1 4.15
f
4.06 1 .19 1
2.06 ! 5.89 
|
3.99
1
j .18
2.54 1 7.26 
1
3.88 I .17 1
3.07 1 8.78 
1
3.82 .17
11
1 /2a) Experimental value of (2SD)k measured for
-4membrane thickness of 37.0 x 10 cm and containing
0.35% DBA by weight. Units of (2SD)^2 are moles cm'
cm atm min-
1/2
b) All ozone was generated in a large capacity ozone photolysis 
chamber using humid air.
c) Using approximate values of each parameter given in Table XIV.
Table XXXIII.
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Result of Exposure Using High Initial Concentration of
0 b
DBA .. and a High Ozone Concentration . .
AA
(uncorrected)
T
(minutes) 9R(t) x 10y I cl|E[R(t)] i 
I I
(NqT)1/2 x 103|E[N T)1/23C
1 0
0.177 15.0 15.2
I I
I 11 I 1 1
18.9
1
1 0 . 9 9
i
0.258 30.0 22.2
1 1
1 1.5 I 1 1
26.7 1 0.16
0.320 45.0 27.5
1 1
1 16 | 
1 t
32.3 I 0.61 
i
0.420 75.0 36.1
I 1 
1 6.7 1 
! !
42.6 i 0 . 2 7
j
0.478 150.0 41.1
1 i
i 2 . 5 1
1 1
59.9 I 0.36
0.472 300.0 40.5
i i
! 1.7 I 1 1
84.5 I 0.93
0.470 400.0 40.3 1 2.0 |
1____ _1.
97.4 I 0.23 
I
a) 0.74% DBA (by weight) was used; average initial absorbance was 1.03.
b) Source of ozone was photolysis of humid air (48% relative humidity).
-4Membrane thickness was 37.3 ± 1.5 x 10 cm.
Partial pressure of ozone was 1.29 ± 0.02 x 10“  ^atm.
—7Slope of the graph (15-75 minute data) is 8.96 x 10 .
Dividing by gives (2SD)j^2 = 7.53 x 10“\
-9 -2Y-intercept = -1.5 x 10 moles cm .
Sample correlation, r (15—75 minute data), is 0.997.
Each reading is an average of a triplicate analysis.
1/2
c) The relative deviation, E[R(t)] and E[(NqT) ] for each value of
1/2R(t) and (NT) , respectively, is calculated from three independent
films for each time, T.
Table XXXIV. Fraction of Reagent Depleted in an Exposure Using 
High Initial Concentration of DBA and a High 
___________ Ozone Concentration___________________ ;________
Ai
I
I T 
I (minutes)
I ..............
! AAb 
[(uncorrected) 
I ......
A A, c
Ai
1.03
I
I 15.0 
i
I
I 0.177
I
0.171
1.03 I 30.0 I 0.258 
j
0.250
1.01 I 45.0 I 0.320 0.317
1.06 75.0
1
i 0.420 
i
0.346
1.04 I 150.0 
i
i 0.478
I
0.459
1.03 I 300.0
I
i 0.472
i
0.458
1.03 i 400.0 
I ............
1 0.470 
1 ... .
0.456
1 /2a) Graph of R(T) versus (NQT) (15-75 minute exposures)
—7lie on a single line whose slope is 8.96 x 10 . Dividing
by (PQ)1/2 gives a value of (2SD)J/2 = 7.90 x 10“4.
An upper inflection occurs at T=75 minutes. The 
upper limit of this exposure is
(1.29 ppm ozone)(75 min) = 97 ppm-min;
an increase of 2.2-fold in the maximum dose detectable.
Increasing Nq by 2.2-fold allows a 2.2-fold increase in 
the ozone (P ) that can be detected.
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(Table XXXIV continued)____________________________________
A value of 2.6 x 10”  ^is the maximum experimental value
-1 - 1/2that can be placed on SPqNo jp and maintain the validity
of Z = (SP /D2N (see equation 13 and Figure 5). o o
b) Data uncorrected for y-intercept resulting from 
preozonolysis.
c) Fraction of reagent depleted.
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-4 2 -3 -1calculated from these data, is 7.90 x 10 (moles cm cm atm
-1 1/2min ) . From this experiment, it appears that PQ and NQ may be
- 1 /2  -1increased simultaneously so that the value of S P ^  remains
small. However, the concentration of initial sites may be increased 
only until the initial absorbance approaches 2.0, the upper limit of 
the spectrometer.
Section 6.3.2 can be summarized as follows:
1) The upper limit of the dosimeter can be expanded by increasing 
the initial concentration of reagent and hence the number of DBA 
molecules initially present in the silicone portion and in the 
polycarbonate portion of MEM 213.
1 /22) The value of (2SD)^ does not depend upon the initial 
concentration of DBA.
3) Referring to the graph of T? versus7f~^*"*SP NQ  ^ (see Figure
5), the following observations can be made:
a) For a constant Nq, increasing PQ increases the
x-coordinate in Figure 5 beyond the range in which
Z - (SP /2N is accurate:o o
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b) Increasing PQ and NQ together (high ozone
partial pressure and high number of initial trapping
sites) will not increase the x-coordinate,
-°.5sp N -1 If7r~0-5SP N ” 1 is small,'' O O '' o o
1/2Z - (SP /2N ) is accurate. As shown by this o o
experiment, increasing the initial concentration of 
trapping sites allows the working limit of the dosimeter 
to be expanded.
6.4 RESULTS OF AN INTEGRATING DOSIMETER FOR OZONE
Equation 18, derived in Section 2.3, can be used to calculate 
the integrated dose (atm x min):
[R(T)32
2SDNo
T
= J  P(T)dT. (18)
This equation can be simplified by interfacing the following 
experimentally determined values and equations:
Q p 1 1
2SD = 62.3 ± 5.8 x 10“ moles cm cm atm” min”
N = (A./b) 8.59 x 10”8 moles cm"3 o 1
R(T) = (A A) 8.59 x 10"8 moles cm"2
R(T) = (&A ) 8.59 x 10"® moles cm"2corr corr
A A  _ =A A + 0.020 corr
b = membrane thickness, (cm).
Interfacing these values yields equation 33
corr
J  P(T)dT. (33)
7.25 A.
The value of the integral is the calculated dose corrected for the 
y-intercept which arises when preozonized films are used (Section 
6.2). However, the membrane thickness places a limitation on the use 
of equation 33. The thickness of the membrane, b, is linear with the
Experimentally, a variation in thickness of the membrane between 32.0
by equation 33.
Table XXXV and Figure 35 contain the results of an integrating 
dosimeter for ozone in which DBA is used as a trapping center. 
According to these data, the correlation between the E.P.A. reference 
method (Dasibi 1008-AH photometer) and this method is 1.01 ± 0.02. 
Furthermore, the average error of the dose, calculated by averaging 
the error of 49 individual films, was less than 13%.
Eighteen reagent-impregnated films were prepared for use in a 
reproducibility study and exposed to 0.084 ppm ozone for 100 minutes
1/2square root of twice the observed permeability, (2SD)
-4and 40.0 x 10 cm provides an accuracy within 13% of that predicted
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(8.40 x 10“6 atm x min). The average error in the ozone dose
(calculated from film exposure data) was within 9.2% of that from the
Dasibi photometer, and the relative deviation of the values
(calculated from the film exposure data) was 10%. This accuracy and
precision is excellent. The precision of most currently available
28 42 49dosimeters is in the range of 10 to 20%. ’ * The most accurate
28 42 49dosimeters available boast of an accuracy of 15 to 30%. ’ ’
Table XXXV sunmarizes these results.
6.5 ASSESSMENT OF THE ERRORS
Each experiment consisted of approximately seven data points,
each done in triplicate, to obtain a linear graph of R(T) versus
(NqT ) ^ 2. The slope of the resulting graph is (2SDPq) ^ 2. Since
1/2PQ is the average ozone concentration a value for (2SD)^ can be
calculated for each experiment. After nine exposure experiments,
1 /2nine values of (2SD), were accumulated, from which the relativeb
deviation can be calculated.
1 /2A relative deviation for each quantity, R(T), Nq and (NqT)
can be calculated for each exposure time from a triplicate analysis,
while the relative deviation in the ozone concentration, P . can be
calculated from 150 values taken at intervals throughout an exposure
experiment. A summary of these statistics is given in Table XXXVII.
1
Propagation of errors , derived from equations 15 and 18,
4 yp w
predicts errors in the quantities of (280)^ and qJ P(T)dT:
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Table XXXV. Results of. an_Integr^tiiiR_J^ sim£,ter^ar_Jlzone,
A.
1
r... .
*Acorra
bI Calculated Dose 
T
b x 104| f P(T)dT 
(cm) j 0J g 
j(atm x min) x 10 
I
Actual Dose0 r 
(atm x min) x 10
% Error^
.400 .025
I
35.6 |
t
.77 .83 7.0
.370 .031 35.1 | 
1
1.26 1.11 14
.371 .030 36.8 | 1.23 1.25 1.6
.388 .036 36.8 | 
I
1.69 1.51 12
.396 .035 35.6 |
I
1.52 1.55 1.9
.370 .040 35.6 | 
|
2.12 1.68 26
.295 .033 39.9 I 
1
2.03 1.71 19
.422 .040 39.4 | 
1
2.06 2.22 7.2
.428 .041 39.9 ij
2.16 2.48 13
.394 .038 40.6 |
j
2.05 2.49 18
.300 .040 36.8 j
I
2.71 2.85 4.9
.395 .045 38.1 |
j
2.69 3.12 14
.430 .052 40.6 | 3.52 3.53 0.3
.355 .053 36.8 | 
|
4.02 4.15 3.1
.360 .057 35.6 | 4.43 4.20 5.5
.295 .055 37.3 I 
|
5.27 4.28 23
.412 .052 39.1 | 
1
3.54 4.48 26
.437 .056 40.6 jj
4.02 4.65 14
.360 .057 34.5 1 [
4.31 4.68 7.9
.440 .060 40.6 !
I
4.58 4.95 7.5
.367 .073 34.3 1
i
6.87 6.24 10
.333 .074 | 
1
31.8 | 
I
7.21 6.72 7.3
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(Table XXXV cQn.tinu.edl
Ai *Acorra
4 '
b x 10H| 
(cm) j
b
Calculated Dose 
T
f P(T)dT
0 6 (atm x min) x 10
Actual Dose0 g 
(atm x min) x 10
I % Error^
.415 .082 37.6 i 8.40 7.43 I 13
.360 .071 33.0 | 6.37 7.56 i 16
.300 .070 39.4 ! 8.88 8.55 ! 3.9
.328 .068 38.3 1 7.45 8.63 I 14
.445 .087 39.9 i 9.36 9.30 I 0.7
.343 .100 31.8 j 12.7 10.4 i 22
.430 .092 40.6 ! 11.0 10.6 I 3.8
.322 .080 34.3 I 9.40 12.3 I 24
.361 .091 34.3 ! 10.9 12.4 I 12
.420 .109 39.4 { 15.4 14.0 i 10
.476 .120 37.2 | 15.5 15.0 I 3.3
.410 .120 35.6 | 17.2 15.1 I 14
.290 .099 39.4 | 18.4 17.1 ! 7.6
.325 .129 30.5 i 21.5 20.8 I 3.5
.420 .126 40.6 i 21.2 21.2 I 0.0
.400 .135 36.8 | 23.1 22.7 I 1.8
.270 .113 34.3 I 22.4 22.8 I 1.8
.402 .140 35.6 | 23.9 23.3 I 2.6
.339 .120 34.3 I 20.1 24.6 I 18
.422 .154 40.6 | 31.5 24.8 I 27
.470 .175 37.2 | 33.4 | 
I
30.0 I 11
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(Table XXXV continued)
Ai *Acorra
4'b x 10 | 
(cm) j
Calculated Doseb 
f P(T)dT
o 6
(atm x min) x 10
Actual Dose0 g 
(atm x min) x 10
I % Error^
.375 .157 33.0 i 29.9 30.2 I 1.0
.393 .153 39.4 | 32.4 31.7 I 2.2
.400 .140 40.6 i 27.4 32.8 I 16
.375 .180 35.6 | 42.4 41.6 I 1.9
.468 .208 37.2 j 47.4 45.0 I 5.3
.462 .194 40.6 | 45.6
_____ .
46.5 i 1.9
.....
a)AAcorr =AAgXp + 0.020. Background of 0.020 assumes 0.001 ppm 
ozone concentration for 8 hours.
b) rT <k A . )2b
I P(T)dT = —  ; calculated dose corrected for y-intercept
0 i which arises from preozonolysis of films.
Uncertainty in the calculated dose is approximately 1%.
c) Actual dose from Dasibi 1008-AH photometer.
d) | calculated dose - actual dose I
actual dose x ^
Average of % Error = 10± 6%.
The least squares slope and y-intercept of a graph of the calculated 
dose plotted against the actual dose are given below:
Least squares slope = 1.01 ± 0.02 (Theoretical slope 
should be 1.00 indicating perfect 
correlation between the actual 
dose and the calculated dose.)
Least squares y-intercept = 0.027 ±0.36 (Theoretical
y-intercept should be zero.)
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FIGURE 35
RESULTS OF THE INTEGRATING DOSIMETER: 
Correlation between actual dose 
and calculated dose of ozone
4 0 -
L e a s t  S q u a r e s  Y - i n t e r c e p t :  . 0 2 5  1 . 3 6 0
3 6 -
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ACTUAL DOSE OF OZONE
0
(atm x min) x 10
Table XXXVI. Results of Exposure of 18 Films to 
___________ 0.08M ppm Ozone, for. 100_.minu_tes____
Ai
— . v t '
I
I
I A A a J corr
i
I
b x 104 
(cm)
Dose13
rT1 P(T)dT
0 6 (atm x min) x 10
% Error from 
8.40 x 10~6 
(atm x min)°
.510
I
I .102 
j
35.6 10.0 19
.580 ! .092
I
40.6 8.18 2.6
.577 I .093 1
40.6 8.40 0.0
.580 1 .093I
40.6 8.35 0.60
.548 i .088 
j
38.1 7.43 12
.536 ! .094
j
36.8 8.37 3.0
.483 I .083 
i
34.8 6.85 18
.509 I .081 35.6 6.33 25
.527 | .086 35.6 6.89 18
.585 1 .095 |
40.6 8.64 2.9
.585 I .084 
1
40.6 6.76 20
.585 1 .095
I
40.6 8.64 2.9
.560 i .098
i
39.4 9.32 11
.540 ! .095 38.1 8.79 4.7
.493 1 .093 |
34.3 8.30 1.2
.569 i .101j
36.8 9.10 8.3
.547 I .092
I
37.3 7.96 5.2
.542 i .089 
I
36.8 7.42 12
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Liable.. XXXV.i-emtlnu£dJ-
a)AA = A A + 0.020, and n/^  PCT)dT is the calculatedcorr exp 0
dose corrected for y-intercept which arises from preozonolysis.
b) eT ( ^ k ) 2bcorr
0J m.25)Ajj^
% Relative deviation of dose = 10%.
c) Average of % Error = 9.2%.
Average calculated dose = 8.10 x 10“  ^atm min.
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Table XXXVII. Summary of Relative Errors Evaluated. fQr__Typlcal. Exposures
Ozone
Concentration
(ppm)
I
I Average of Percent Relative Deviationsg 
I for the Exoerimental Parameters Shown Value of f 
(2SD)b/2x104j R(T)b 
I .......
| N C 0 P d i o
1/2e(NqT)
1.00
I
! 1.7 
1
I
I 5.0 
j
2.0 | 
1
2.4 7.14
0.705 I 2.8 
|
i 4.1
i
0.5 ! 1.6 8.00
0.504 I 5.9
j
j 3.1
i
1.3 I 
1
1.0 7.97
0.037 I 6.0
j
! 2.8 
I
1.9 i 1.1 7.76
0.104 I 3.8 
1 I 3.1i
2.5 i
I
1.2 8.46
0.310 I 3.7 
1
I 2.6 
1
1.5 I
I
0.85 7.89
0.165 I 4.5 
1
1 2.7
I
1.6 j
j
0.94 8.90
0.083 1 5.6
j
I 2.4
i
1.4 !
i
0.78 7.05
0.057 i 4.1 
I........
I 3.2 
1......
3.7 1 
1
0.85 7.70
a) For each ozone concentration shown, seven exposures ranging from 
0-400 minutes were run in triplicate.
b) Average relative deviation in R(T) for all ozone concentrations = 
4.2%.
c) Average relative deviation in M for all ozone concentrations = 
3.2%. °
d) Average relative deviation in for all ozone concentrations = 
1.8%. °
1 /2e) Average relative deviation in (NqT) for all ozone 
concentrations = 1.2%.
1 /?
f) Average value of (2SD). for all ozone concentrations = 7.88
-4 _ _zi
±0.37 x 10 (average thickness of 36.5 ± 1.3 x 10 cm).
1 /?
Relative deviation in (2SD>b = 4.7%.
Relative deviation in (2SD)b = 9.3%.
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R(T) = [2SDPoNoT]1/2
[R(T)]2
2SDN ~ o
r (18)
(15)
Since deviations in PQ, Nq , T , ( 2 S D ) ^ 2  and qJ ^  P (T )d T  can be
assessed independently, a comparison of the experimental deviation in
treatment of equation 15. Likewise, a similar treatment has been
applied to equation 18. Frequent calibration mitigates the presence
of systematic errors in the calculation of the integrated dose.
Table XXXVII summarizes experimentally evaluated relative deviations
of these parameters in nine typical ozone exposures. Using the
1 /?
average relative deviation of P , (N qT )  and R(T) as 1.8%, 1.2% 
and 4.2% respectively (see Table XXXVI footnotes), the propagation of
errors derived from equation 15 predicts 4.5% relative deviation in
1/2 1/2 
the quantity (230)^ . The relative deviation in (2SD)^ from nine
values in Table XXXVII is 4.7%. Since this difference is not
significant, there appears to be no systematic error present in the
1/2
measurement of (2SD)^
Similarly, the propagation of errors derived from equation 18 
predicts 13% relative deviation in the integrated dose assuming the 
average relative deviations in R(T), (230)^ and Nq are 4.2%, 9.3% 
and 1.2% respectively (see Table XXXVII footnotes). Table XXXVII 
shows the average relative deviation in the calculated dose as 10 ±
6%. The difference between this value and 13% predicted by
1/2(230)^ agrees with that calculated by propagation of errors
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propagation of errors is not significant, hence systematic errors are 
probably absent.
6.6 DEPENDENCE OF PERMEABILITY ON TEMPERATURE
Since the device under study is a permeation sampler, the 
affects of temperature, flowrate (air velocity), humidity and 
membrane thicknesss on the response of the device are best evaluated 
by their affect on permeability, SD, or a function thereof such as 
(2SD)J/2.
Since temperature affects both the solubility, S, and the 
diffusion coefficient, D, of gases in membranes, a dependence of 
permeability, SD, on temperature may be expected. Generally, the 
solubility of a gas in a membrane follows Henry's Law for pressures 
up to 2 atmospheres. The temperature dependence of the solubility 
coefficient includes the heat of condensation and the heat of mixing. 
The former is usually negative and quite small in the case of gases. 
The heat of mixing of gases is also small and usually positive. As a 
consequence, the overall heat of solution can be either positive or 
negative.
The temperature dependence of the diffusion coefficient, D, can
127be described by the well-known expression: D = Dq expC-A^/RT),
- 1where is the activation energy for diffusion (cal mole ) R and T
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-1 -1are 1.987 cal mole K and temperature respectively, D is the
2 -1diffusion coefficient (cm sec ) and D is the value of D at zeroo
-9 2diffusant concentration. D is on the order of 10+5 x 10 cmo ~
_i
sec for small molecules in amorphous polymers. Numerous Arrhenius 
plots have verified this relationship.
Since the dependence of permeability on temperature is not 
straightforward, a study of the variation in permeability with 
temperature was undertaken. For this study, three temperatures were 
used —  0 ± 8°C, 26 ± 3°C and 50 ± 9°C. The data in Table XXXVIII 
show no apparent dependence of the permeability of ozone on 
temperature over the range of 0°C to 50°C. This result is not 
surprising in that the permeability of many small molecules in
112amorphous polymers is temperature independent; carbon dioxide or 
sulfur dioxide permeation through either MEM 213 or siloxane is 
temperature independent.
6.7 DEPENDENCE OF PERMEABILITY ON FLCWRATE
The affect of air flowrate on the response of the device can be
evaluated by studying the dependence of flowrate on permeability.
The results summarized in Table XXXIX and Figure 36 indicate that the
permeability, SD, is independent of flowrate (or wind velocity) of
— 1the ozonized air stream over a range of 4910 ml min to 15800 ml
. - 1m m  .
Table XXXVIII. Dependence of Permeability (SD.) on Temperature3— AAA_y._iA.4-1 —
I
Temperature*3 i 
(°C) j
. ... .. I
vj.. / j u v j  i__a-vjl 11&.ZJ jh v wj y
Permeability0 
(SD)b x 107
2 -3 -1 -1(moles cm cm atm min )
0 ± 8° | 
1
3.10 ± 0.30
26 ± 3° I 
1
2.49 ± 0.33
50 ± 9° I
. . ...... ......... . I .
2.81 ± 0.29
a) Concentration of ozone was 0.084 ppm; produced by 
photolysis of humid air.
Flowing air stream and exposure manifold were heated by 
submerging in a constant temperature bath and allowing 
2 hours to equilibrate.
b) Measured temperature is that of the air stream in the ex 
posure manifold.
_2l
c) Thickness of films was 37.1 ± 1.9 x 10 cm.
(S
D
)
FIGURE 36
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Table XXXIX. Dependence of Permeability (SD) on Flowrate3
Absolute Flowrate |
-1 I(ml min )
(SD)b x 107
2 -3 -1 -1
(moles cm cm atm min )
* Q
I Correlation Coefficient 
j (r)
I
4920 ±180 I 
(0.259 mph) |
3.88 ± 0.32
I
I .996 
II
7810 ± 200 |
(0.412 mph) | 
i
3.64 ± 0.36 I .997 
II
9880 ±130 |
(0.521 mph) | 
i
2.57 ± 0.26 i 1.00 
I
12000 ± 180 | 
(0.633 mph) j
2.96 ± 0.30 I .998 
I
1
13600 + 200 j 
(0.717 mph) |
3.54 ± 0.29 I .995
I1
15800 ± 200 i 
(0.833 mph) |
. ......... .. I.
3.62 ± 0.33 1 .995 
1
1 . ..... .. .......... .
a) Average thickness of 21 films used for each exposure was
38.1 x 10”  ^cm.
Source of 0.058 ppm ozone was photolyzed humid air.
b) Measured by bubble flowmeter.
c) Sample correlation coefficient, r (-1 to +1), of seven data points 
for each flowrate.
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6.8 DEPENDENCE OF PERMEABILITY ON HUMIDITY
Ozone exposures were run at two humidities, 4855 and 18%, to
examine the affect of humidiity on permeability. Since the value of
SD does not depend upon the ozone concentration for a membrane of
constant thickness, various concentrations of ozone were exposed to
film badges and the permeability, SD, was measured. Table XL
summarizes these results. The null hypothesis, which states that the
two means in Table XL are identical, was tested at the .005
significance level using the t-statistic for independent samples.
According to this statistic, the null hypothesis must be accepted and
no significant difference exists between the permeability of ozone in
dry or humid environments.
It is known that humidity has a negligible effect on permeation
127if the solubility of water in the polymer is low. In cases where
there is less than 1% solubility, humidity does not affect
permeability within experimental error. For intermediate cases (up
to 20%), there appears to be a small reduction in diffusivity in seme
cases and an increase in others. Polymers that swell greatly in
water will have increasing diffusivity with increasing relative
humidity. Although the permeability of water in siloxane is high
because of an exceptionally large diffusion coefficient, the
187solubility of water in siloxane is only 6.1%. Since the
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solubility of water in siloxane is low, variations in humidity would 
not be expected to alter the permeability of MEM 213 to ozone.
6.9 DEPENDENCE OF PERMEABILITY ON MEMBRANE THICKNESS —  
EXTRAPOLATION OF INTRINSIC PERMEABILITY, SD, FROM 
OBSERVED PERMEABILITY, (SD>b
The affect of membrane thickness, b, on the response of the
1/2device can be evaluated by determining the value of (2SD>b as a
1 /2
function of b. A graph of (2SD). versus b is linear with a slope
1/2-3 -1 -1of 0.137 ± 0.003 (moles cm atm min ) and a y-intercept of
1/2
2.13 ± 0.16 x 10“  ^(moles cm^ crn”  ^atm”"* min”"*) . This
relationship is summarized in Table XLI and Figure 37.
Since reagent is depleted from the silicone portion of the
134copolymer 300 times faster than from the polycarbonate portion, it
should be possible to calculate the intrinsic permeability of ozone
1/2in siloxane. A plot of (2SD)b versus b, extrapolated to zero
thickness, yields a y-intercept which is taken as the intrinsic
permeability, SD or (SD)b_g. A comparison of the experimentally
derived intrinsic permeability to that predicted by modeling the
permeability of ozone in siloxane is discussed below. The
y-intercept in Figure 37 can be squared, divided by two and converted
dimensionally to give the intrinsic permeability of ozone in siloxane
as 115 ± 17 x 10"9 (cm^  gas) cm sec”  ^cm^ (cm Hg,AP)”"*.
A linear relationship between the square root of the diffusion 
1/2coefficient, D , and the membrane thickness is not without
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Table XL. Effect of Humidity— .on Permeability
Humid Air 
(48% relative humidity)
Dry Air 
(18% relative humidity)
I
ozone concentration | 
(ppm) j 
I
7 b 
SD x 10'
I
ozone concentration I 
(ppm) j 
I
7 b
SD x 10'
I
0.037 I 3.01
I
0.057 II
2.96
0.083 I 
j
2.49 0.165 I 
1
3.96
0.104 |
j
3.58 0.310 |
i
3.11
0.504 | 
j
3.18 0 . 7 0 5 i
j
3.20
1.20 I 3,12 1 . 0 0 i .2.55
Mean = 3.08 x 10”^ Mean = 3.16 x 10-7
a) Humidity measured using a psychrometric chart and the temperature 
difference between a wet- and dry-bulb thermometer.
2 -3 -1 -1b) Dimensions of SD are moles cm cm atm min .
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FIGURE 37
VARIATION IN PERMEABILITY (SD) 
WITH FILM THICKNESS
(§) e x t r a p o l a t e d
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Table XLI. Dependence of b._ on Membrane Thickness3AMfr'rf.V Ohlrh t yyji,.VHViV»,y-V- V*
Membrane Thickness 
b x 10^  (cm)
I
I 1/2 ub 
I (2SD) x 104 
I b 
I
115
I
i 17.8 
|
88.1 i 14.2
|
74.7 I 12.3 
1
59.4 i 10.5
j
37.7 I 7.05
37.3 I 7.14
I
36.6 ! 7.61 
1
34.6 I 6.73
j
33.8 I 6.59
a) Least squares slope is 0.137 ± 0.003.
n
The least squares y-intercept is 2.13 ±0.16 x 10
2 -3 -1 -1
moles cm cm atm min which is taken as
the intrinsic permeability (SD) or (SD)^_q .
b) Sample correlation coefficient (r) is 0.998.
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precedent. Consider a totally randan path between two points. It is 
known that
in which r is the path length and T is the time. These quantities 
are related by the following equation:
r2 = 6DT.1i11
By analogy, r, the path length, is merely the membrane thickness. 
Therefore, it seems reasonable that for totally randan and 
interrupted paths, such as those of diffusion, the membrane thickness 
is proportional to the square root of the diffusion coefficient as 
shown in Figure 37.
However, for an uninterrupted path between two points, the path 
length is related to the time by a quantity called the velocity, v, 
espressed as
r = vT.
Although the use of this approach to determine the intrinsic
permeability of ozone in siloxane is novel, such an approach is not
130 131entirely without precedent. Hwang et al. * have investigated 
permeabilities of carbon dioxide, oxygen and water through acetyl 
cellulose acetate membranes and discovered the following
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relationship. A plot of (b)-  ^against (SD)”  ^can be extrapolated to
a y-intercept which is equal to the reciprocal of the intrinsic
permeability. The slope of the graph is taken to be the sum of the
boundary resistances to diffusion. This behavior is particularly
common among liquid diffusants.
It seems reasonable to compare the value of the intrinsic
permeability calculated by this method to a reported intrinsic
permeability of ozone in siloxane. Since this permeability has not
been reported, it must be estimated from the boiling point and the
112molecular diameter of ozone. The molecular diameter, d, of ozone
can be calculated from knowledge of the excluded volume term for a
138van der Waals gas. . Since the excluded volume of ozone is not 
known, it can be approximated as follows. The 0-0 bond distance in 
ozone is 1.278 8."^  The C-H bond distance in methane is 1,094 8, and 
the C-0 bond distance in carbon dioxide is 1.162 8.^^ The geometry 
of ozone is intermediate between methane and carbon dioxide. Since 
the dipole moment of ozone, carbon dioxide and methane is low and the 
bond lengths in methane and carbon dioxide are near that of ozone, it 
is reasonable to assume the molecular diameter of ozone lies near the 
values for methane and carbon dioxide. Figure 38 illustrates the 
relationship between the diffusion coefficient and the molecular 
diameter of various gases and shows little variation between the 
molecular diameter of carbon dioxide and methane. It therefore seems 
reasonable to assume 3.3 8 as a molecular diameter of ozone. Once 
the molecular diameter of ozone is inferred, the diffusion
coefficient, D, can be estimated from Figure 38 to be 12 ± 2 x 10“^
2 -1 cm sec .
Modeling the solubility parameter, S, of ozone in siloxane is
more straightforward. Figure 39 shows the relationship between the
boiling temperature of a gas and its solubility in siloxane. From
Figure 39 and the boiling point of ozone, 161K,^ an estimate of the
3 -3solubility of ozone in siloxane is 0.9 (cm gas) cm atm or 1.18 x
—2 3 ™3 -I10 (cm gas) cm (cm Hg,AP) . From the modeled values for S and
D, the value of the intrinsic permeability, SD, of ozone in siloxane
_q 3 _i _? -1
is 142 ± 30 x 10 (cm gas) cm sec cm (cm Hg,AP) . A
comparison of the experimentally derived intrinsic permeability to 
that predicted by modeling the permeability of ozone in siloxane is 
given below.
A) Experimental - Extrapolation to Zero Thickness:
q (cm gas) (cm thick)
(SD). n = 115 ± 17 x 10~y -------- -------------------
(sec) (cm polymer) (cmHg,AP)
B) Model - Boiling Point of Gas, Molecular Diameter of Ozone
? (cm3 gas)
S = 1.18 x 10"*-- =-------------------
(cm polymer) (cm Hg,&P)
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FIGURE 38
GENERAL ELECTRIC MODEL OF THE 
DIFFUSION COEFFICIENT OF GASES IN SILICONE
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FIGURE 39
GENERAL ELECTRIC MODEL OF SOLUBILITY PARAMETER 
OF GASES IN SILICONE
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o
Q (cm gas) (cm thick)
SD = 142 ± 30 x 10“y  -------=-------------------
(sec) (cm polymer) (cmHg,AP)
Based upon this comparison, it seems reasonable to calculate the
intrinsic permeability of ozone in siloxane by extrapolation of 
1/2
(230)^ to zero thickness.
In measuring the intrinsic permeability of a copolymer by this 
method, depletion of reagent is from the more permeable portion of 
the copolymer. If the volume composition of a copolymer is known, 
and if reagent is depleted from the more permeable portion at a rate 
of at least ten times the less permeable portion, the permeability of 
the copolymer can be obtained by multiplying the observed 
permeability by the volume fraction of the more permeable portion. 
Therefore the permeability of MEM 213 is
Permeability of .455 Permeability of
siloxane X (Volume fraction = MEM 213
(observed permeability) of siloxane)
evaluated at b=0
The relative permeability of MEM 213 to siloxane is 0.50 for many 
112gases.
Although this relationship is evident in the copolymer system 
used in this work, further investigation using copolymers of varying 
silicone/polycarbonate (v:v) composition is needed to verify this 
method for the determination of permeabilities of ozone in other 
copolymers.
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1/2Since the membrane thickness and (2SD)^ are related by the
equation
(2SD)^/2 = 0.137b + 2.13 x 10“^ (34)
a general expression can be derived for the integrated dose when a 
membrane of any thickness is used. Equations 23, 29 and 34 can be 
substituted into equation 18 to give equation 35:
Equation 35 can be used with 15% error on a reagent-impregnated 
membrane of any thickness. Since the technology developed here 
allows excellent control and reproducibility over membrane thickness, 
equation 30 was used throughout this work to calculate the integrated 
dose.
6.10 RESULTS OF THE INTERFERENCES
In redox methods of ozone determination, such as the buffered
potassium iodide method, sulfur dioxide is a 100% negative 
54..157
interference. When most olefins are used to determine ambient
ozone levels, nitrogen dioxide, a stable free radical, adds to the
( P(T)dT 
0}
(AA)2b(8.59 x 10"8)
Ai(.137b + 2.14 x 10~V
(35)
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double bond or abstracts an allylic hydrogen atom causing a 6% to 20%
54-57positive interference.
In this work, DBA-impregnated films were exposed to nitrogen 
dioxide and sulfur dioxide doses ranging from 19 ppm x min to 3200 
ppm x min. Nitrogen dioxide showed less than 1% interference, and 
there was no quantitatable interference from sulfur dioxide.
Table XLII and Figure 40 show the response of the device,
&A )2b
 -- 1 after exposure to standard doses of nitrogen dioxide.
A. 7.25
-3The least squares slope and y-intercept are 5.5 ±0.2 x 10 and 0 ±
0.22 x 10"6 atm x min respectively. To calculate the interference of
-3nitrogen dioxide, this slope (5.5 x 10 ) is divided by 1.01, the
slope of Figure 35. From this calculation, the interference of 
nitrogen dioxide is 0.55%.
Table XLIII and Figure 41 show the response of the device,
&A )2b
 ’ after exposure to standard doses of sulfur dioxide.
A. 7.25
The least squares slope and y-intercept are 3.0 ± 3.0 x 10” and 0.67
£
±0.03 x 10“ atm x min respectively. To calculate the interference
-5of sulfur dioxide, this slope (3.0 x 10 ) is divided by 1.01, the
slope of Figure 35. From this calculation, the interference of 
sulfur dioxide is essentially zero.
Two additional experiments were conducted to test the response 
of the device to ozone in the presence of interferences. In the 
first experiment, a mixture of 4.38 ppm sulfur dioxide and 0.080 ppm
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FIGURE W
RESULTS OF THE INTEGRATING DOSIMETER: 
Correlation between actual dose 
and response of the device to N02
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Table XLII. Results of the Interferences. - Exposure to M
1
1
Ai 1 
1
AWXJ. ft MVWWJ. VV W* VOLtV. WJiAV'VJ*'
Response of the 
AAcorra ! Device13 ! b x 10^  
!(atm x min) x 10^ ! (cm)
Actual Dose 
of N02c 
(atm x min) x 10
I
! % Response 
j of Actual
|^ Dose^
1
.6351
j
.023 ! 
1
0.46 I 40.6 19.2 i 2.4
I
.540| .020 i
I
0.36 ! 35.6
I
38.1 1 0.95 
1
.5701 .020 j 
1 0.39
I 40.6 
i
38.4 i 1 . 0 0  
1
.5601
j
.020 | 
I
0.40 I 40.6 
i
76.2 ! 0.53
.520|
j
.020 i 
j
0.39 I 36.8
I
76.8 ! 0.51
j
.3311
i
.020 1 
1
0.55 i 33.0
I
96.0 ! 0.57
.5381
1
.022 | 0.47 1 38.1
I
128 ! 0.37 
1
.488!
1
.020 i 0.39 1 34.3
i
152 I 0.26 
i
.5971 .032 !
i
0.96 I 40.6 192 i 0.50
.360!
I
. 0 3 0 :
i
1.40 ! 40.6 
1
192 1 0.73
.373!
1
.033 1 
1
1.59 ' 39.4 
1
244 1 0.65
i
.5371
1
.037 1 
1
1.21 i 34.3 
1
264 ! 0.46
i
.577!
1
.034 ! 
1
1.12 ! 40.6 
i
384 1 0.29
i
.569!
I
.033 !
j
0.94 ! 35.6 
1
409 1 0.23
.295!
j
.037 1 
1
2.11 ! 33.0 
1
429 i 0.49
.511!
i
.036 |
i
1.15 1 33.0
I
490 1 0.23
.323!
1
.051 i
I
3.67 I 33.0
I
576 I 0.64
i
.332!
j
.047 I
I
3.38 ! 36.8 
i
609 1 0.55
i
.295!
I
.047 I
I
3.41 1 33.0 640 ! 0.53
.565!
1
.060 ! 
1
3.24 1 36.8 
*
762 ! 0.43 
1
.350!
|
.070 | 
I
6.78 1 33.0 
1
832 1 0.77 
1
.56711 .077 1l 5.31
1 36.8 
i
1016 ! 0.52 
j
.368!
!
.083 1 
1
9.84 I 38.1 
I
1200 ! 0.82 
I
(Table XLII continued)
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A.
1
AA a corr
! Response of the
• bI Device
!(atm x min) x 10^
11
b x 104 
(cm)
Actual Dose 
i of N0oC
. g
(atm x min) x 10
% Response 
of Actual
Dose01
.350 .067 i 6.74 38.1 I 1220 0.55
.322 .067 I 6.84 35.6 I 1280 0.53
.350 .075 I 8.05 36.3 | 1460 0.57
.322 .080 I 10.5 38.1 I 1970 0.53
.350 .098 I 13.9 36.8 I 2400 0.55
.329 .094 I 13.2 35.6 | 2400 0.55
.349 .089 i 11.9 38.1 i 2560 0.47
.363 .111 I 17.8 38.1 | 3200 0.56
.368 .113 I 18.2 38.1 | 3200 0.57
.362 .110 I 17.0 
I
36.8 | 3200
I.... ......
0.53
a)AA = AA + 0.020. corr exp
b) Response of the device =
<6 A )2b corr
A.C7.25)
Uncertainty in the response of the device is approximately 2%.
c) Actual dose of NC^ is supplied by quantitative volumetric dilution
of 100 + 2 ppm I^/N^ Matheson certified gas standard.
Uncertainty in the actual dose is 2%.
Least squares slope = 5.50 ±0.16 x 10“ .^
Least squares y-intercept = 0 ± 0.22.
d) Response of Device x
Actual Dose
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FIGURE 41
RESULTS OF THE INTEGRATING DOSIMETER: 
Correlation between actual dose 
and response of the device to S02
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Table XLIII. Results of the Interferences - ExpQS.ur.e_ to. Sulfur Dioxide
A.l
„ VA .Viiv. v h*' vy y'j ._y_. r y .!yy\«
Response of the Actual Dose
AA a j Device*3 I b x 10** | of S05c coi r .  ^i | 2
(atm x min) x 10 j (cm) (atm x min) x 10
I
I % Response 
I of Actual
 ^j Dosed
.324
i
.019 i
I
0.63
I I
I 40.6 | 
1
18.9
i
I 3.3j
.321 .019 I
I
0.61 I 39.4 | 
1 1
18.9 I 3.2 
j
.325 .020 \ 
j 0.67
i I
i 39.4 j 
1 j 37.9
I 1.8 
1
.282 .019 I 
1
0.70 1 39.4 | 
1 1
45.2 1 1.5 
1
.348 .020 | 
1
0.54
i !
i 30.5 I
t 1
65.8 I 0.82
j
.301 .021 | 
j 0.69
1 1 
i 34.3 1
I I
75.7 1 0.91
j
.288 .020 [ 
I
0.78
1 i 
i 40.6 | 
! !
90.5 | 0.86 
1
.360
1
.020 ! 0.58
1 1 
1 38.1 j
I
103 ! 0.56 
1
.370 .020 | 
i 0.57
I 38.1 |
t 1
103 I 0.48
I
.312 .020 | 
i
0.61 I 34.3 1 
1 1
126 I 0.55 
1
.372 .017 I
I
0.44 I 40.6 j 
1 1
132 ! 0.33 
1
.278 .020 | 
i
0.71
1 I 
1 35.6
I I
181 1 0.39 
1
.323 .026 | j
1.14
i i 
I 39.4 !
1 I
194 1 0.59
.375 .020 | 
i
0.58
i i 
i 39.4 |
t I
207 I 0.28 
1
.335 .020 I 
i
0.59 1 35.6 |[ r
263 I 0.20 
j
.365 .019 i
i
0.52 1 38.1 | 
I I
263 1 0.23
.260
1
.020 | 
i
0.75 I 35.6 |
I I
302 1 0.25 
i
.309 .023 1 
1
0.90
i i
I 38.1 |
t I
379 | 0.24
.350 .020 i 
1
0.54 1 31.8 | 
1 I
414 I 0.24
i
.340 .020 1 
I
0.66 I 33.0 | 
1 1
414 | 0.16 
i
.338 .020 | 0.60
1 1
I 36.8 i 
1
438 I 0.14
.265 .019 I
I
0.76 j 40.6 | 452 I 0.17
.315 .017 I 0.41 1 31.8 | 505 I 0.081
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(Table XLIII continued).
Ai * Acorra
! Response of the j
b  ^
j Device I
I f\ 1 
(atm x min) x 10
b x 10M 
(cm)
j Actual Dose 
I of S0DC| g
(atm x min) x 10
% Response 
of Actual
Dose^
.375 .023
I I 
I I 
I 0.79 I
j |
40.6 I 657 0.12
.387 .022 I 0.68 |j i
39.4 I 690 0.10
.257 .019 I 0.79 II
40.6 I 905 0.087
.385 .025 ! 0.91 I 1 1
40.6 i 1034 0.088
.380 .025
! I
1 0.89 I 
1 1
39.4 i 1034 0.086
.230 .018
1 i
1 0.77 1 
( 1
39.4 | 1206 0.064
.362 .022
I 1
1 0.73 1 
1 1
39.4 I 1315 0.056
.379 .024 I 0.80 | 1 1
38.1 I 1753 0.046
.390 .022
I I 
1 0.69 i
I
39.4 | 2069 0.033
.380 .022 1 0.67 1 1 1
39.4 I 2069 0.033
.390 .022
1 !
I 0.66 | 
1 1
38.1 | 2400 0.028
.392 .022
1 I
1 0.65 1 
1 1
38.1 I 2758 0.024
.381 .022
1 ! 
1 0.67 1 
1 1
38.1 I 2758 0.024
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(Table XLIII continued)
a) AAcorr = AAexp + °-020-
b)
Response of the device Uncertainty in the response
A.C7.25)
of the device is approximately 5%.
c) Actual dose of SO^ is supplied by quantitative volumetric dilution
of 109 ± 2 ppm SO2 Matheson certified gas standard. Uncertainty
in the actual dose is 2%.
Least squares slope = 2.98 ± 3.02 x 10“ .^
Least squares y-intercept = 0.67 ± 0.030.
d) Response of Device x 
Actual Dose
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ozone was exposed for 300 minutes to nine film badges containing 
reagent. The response of the device to ozone was unaffected by the 
presence of a 54-fold excess concentration of sulfur dioxide.
Using a mixture of 1.28 ppm nitrogen dioxide and 0.080 ppm 
ozone, the procedure in the first experiment was repeated. The 
response of the device to ozone is virtually unaffected by the 
presence of a 16-fold excess concentration of nitrogen dioxide. It 
is evident from these results that ozone determination by DBA 
dosimeters is essentially free from interferences due to nitrogen 
dioxide or sulfur dioxide.
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6.11 PROCEDURAL BLANKS
A procedural blank was obtained for each pollutant —  ozone, 
nitrogen dioxide and sulfur dioxide. A typical procedural blank was 
obtained by exposing scrubbed, humid oxygen to DBA-impregnated 
polymer membranes for times ranging from 0 to 400 minutes. The 
results from such an exposure are shown in Table XLIV and Figure 42. 
Although the mercury photolysis lamp was off, the Dasibi 1008-AH 
photometer reported a background concentration of 0.003 ppm ozone.
Figure 43 is included to show that no change in the shape of the 
absorption spectra of DBA occurs upon exposure to scrubbed oxygen for 
periods of 0 to 30 minutes.
FIGURE kl 
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Table XLIV. Procedural Blankf
AAb
I
I T 
I (minutes) 
I
R(T)cx 109 E[R(T)]d (NqT)1/2 x
I
103jEKN T)1/2]d 
■ 0
0
I
I o
I
0 0 0
1
i o 
|
0 i 5.00 
1
0.003 130 6.57 1 0.25
j
-0.002 1 15.0
I
-0.1 70 11.4 i 0.32 
1
0 I 30.0
i
0 0 16.0 1 0.89 
1
0.002
1
I 50.0
j
0.2 70 21.8 I 2.6
I
-0.003 j 100.0
I
-0.1 70 29.3 1 0.45
0.001 I 150.0 
i
0.09 130 35.2 I 0.85
I
0.005 I 300.0 
i
0.4 0 49.6 1 0.69 
1
0.004 I 400.0 
..I . . .
0.4 50 ! 
.....  i
55.1 1 0.74 
... ..I. , . .......
a) Humid oxygen, mercury arc lamp off.
Membrane thickness (b) = 37.8 + 2.3 x 10”1* cm.
b) Instrumental background of Dasibi 1008-AH photometer
-9= 3 x 10 atm ozone.
AverageAA = 0.002 (average of absolute values).
c) Average R(T) = 0.162 x 10“9.
d) Percent relative deviation.
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FIGURE 43
EXPOSURE OF 3 . 7 6  x 1 0 -5 MOLAR  
DBA T O  SCRUBBED OXYGEN
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CONCLUSION
The device developed here provides a simple and selective method
for the determination of ambient ozone exposure. In its final form,
this monitoring device cost $0.50 to produce and analyze, is durable 
and has a size and weight comparable to that of a radiation 
dosimeter. This device can serve as a personal or area monitor in an 
industrial situation or in ambient air studies.
The device has a linear dynamic range from 0.63 ppm x min to 42
ppm x min. The response of the device is linear with the square root
of dose, confirming a mathematical model which heretofore lacked 
experimental verification. The integrated dose can be calculated 
directly, without simultaneous calibration, from the initial 
absorbance, final absorbance and membrane thickness of a 
reagent-impregnated badge. The response of the device is independent 
of temperature, humidity and flowrate. However, the response does 
depend upon the membrane thickness. This dependence may be used to 
calculate the intrinsic permeability of ozone in polymers and 
copolymers. This method of ozone detection does not suffer 
interference from sulfur dioxide and shows less than 1% interference 
from nitrogen dioxide.
The device can be analyzed for ozone exposure directly without 
subsequent chemical extraction or desorption. After exposure to
201
ozone, all materials in this dosimeter are recoverable and 
recyclable.
The major problem is the lack of availability of DBA.
Currently, DBA must be synthesized in a one-step reaction requiring 
48 hours reflux and 72 hours continuous extraction.
An extention of this work may include the use of the DBA/ozone 
system as an optical probe into diffusion related processes and 
membrane structure. This technology may be used to obtain the 
permeability of ozone in polymers or copolymers. Currently, a study 
of ozone permeability in polymers is lacking. If DBA could be 
impregnated in biological tissue or arterial walls, the DBA/ozone 
system, used as an optical probe, may aid in elucidating mechanisms 
of gaseous transport in biological membranes.
Ozone constitutes the major cause of tire sidewall cracking that 
occurs as tires age. In developing new polymers that would be ozone 
resistant, it would be useful to have a direct method to measure 
ozone permeability. The technology developed in this work could 
provide an experimental method to obtain such data.
Discussions with officials of the National Oceanic and 
Atmospheric Administration (NOAA) indicate a severe need to develop 
technology employing reagent specific substrates for use in toxic gas 
monitoring. The technology developed here could be extended to use 
other trapping centers and pollutants to meet this need.
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